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Elucidating the nature of Dark Matter (DM), which does not interact with light and which
interacts with known matter primarily or only through gravity, is one of the principal quests
in physics. Leading candidates for DM are weakly interacting massive particles (WIMPs) or
ultralight bosons (axions), at opposite extremes in mass scales, that have been postulated by
competing theories to solve deficiencies in the Standard Model of particle physics. Whereas
DM WIMPs behave like discrete particles (%DM), quantum interference between DM axions
is manifested as waves (ψDM). Here, we show that gravitational lensing leaves signatures in
multiply-lensed images of background galaxies that reveal whether the foreground lensing
galaxy inhabits a %DM or ψDM halo. Whereas %DM lens models leave well documented
anomalies between the predicted and observed brightnesses and positions of multiply-lensed
images, ψDM lens models correctly predict the level of anomalies left over by %DM lens
models. More challengingly, when subjected to a battery of tests for reproducing the
quadruply-lensed triplet images in the system HS 0810+2554, ψDM is able to reproduce all
aspects of this system whereas %DM often fails. The growing success of ψDM in reproducing
astrophysical observations tilt the balance toward new physics invoking axions.

A universe operating under the tenets of General
Relativity requires Cold Dark Matter (CDM), a hy-
pothetical particle (or set of particles) that moves
slowly, does not interact with light, and interacts with

ordinary matter primarily or solely through grav-
ity. The existence of such a particle demands a the-
ory that extends the Standard Model (SM) of par-
ticle physics, if not an entirely new theory that in-
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cludes or unifies current physical theories. One ex-
tension of the SM, classified under supersymmetric
theories, predicts the existence of Weakly Interacting
Massive Particles (WIMPs) having rest-mass ener-
gies & 10 GeV (Ref. 1). The lightest among the sta-
ble WIMPs has long been heralded as the most likely
candidate for CDM. Laboratory searches, however,
have failed to detect WIMPs through direct-detection
or in collider experiments2. Cosmological simulations
employing massive bodies to stand in for WIMPs
have been highly successful at predicting the large-
scale structure of the universe, but face enduring
problems on galactic or sub-galactic scales (. 10 kpc),
the best documented of which are the “missing satel-
lite” (along with the related “too big to fail”) and
“cusp versus core” problems3.

At the opposite extreme in mass to WIMPs are
axions4–7, a broad class of particles that first ap-
peared as the Peccei-Quinn solution to charge-parity
(C-P) violation in the SM, but also in supersym-
metric theories as well as theories with extra dimen-
sions such as string theory (which seeks to unify
all the four fundamental forces). Having rest-mass
energies � 1 eV, these ultralight particles have no
quantum-mechanical spin and therefore constitute
bosons. Laboratory searches for DM axions began
in the 1980’s8, with progressive improvements over
time toward lower rest-mass energies9 albeit still
many orders of magnitude above the energy range in-
ferred from recent astronomical observations as men-
tioned below. Early theoretical studies referred to
axions as fuzzy DM owing to the importance of quan-
tum mechanical effects on such particles at macro-
scopic scales4,5,10–19. In 2014, the first cosmologi-
cal simulation employing ultralight bosons as CDM
confirmed the anticipated rich non-linear structure
owing to self-interference of the Schrodinger-Poisson
wave function describing the mean field behaviour of
these particles14, the defining characteristics of which
are: (i) an increasing suppression of self-gravitating
concentrations (referred to as halos, which on form-
ing stars constitute visible galaxies) toward lower
masses owing to quantum pressure, which further-
more imposes a low-mass cutoff well above the Jeans
limit; (ii) a soliton core comprising a coherent stand-
ing wave at the center of every halo; and (iii) self-

interfering waves that fully modulate the DM density
throughout the halo on the de Broglie scale14,15,18,19.
Christened wavelike DM or ψDM to emphasise its
behaviour on macroscopic scales as waves, the de
Broglie wavelength, λdB, is set by the boson mass,
mψ, for a given halo mass, Mh, according to the re-
lationship20:

λdB = 150

(
10−22 eV

mψ

)(
Mh

1012M�

)−1/3

pc (1)

For a given mψ, λdB varies slowly with Mh (i.e.,

λdB ∝ M
−1/3
h ) as the higher momentum associated

with a higher Mh implies a smaller λdB. To strike
a clear contrast with CDM that behaves on macro-
scopic scales as particles (such as WIMPs), we shall
refer to the latter as %DM. As we briefly summarise
next, the growing success of ψDM in reproducing as-
tronomical observations14,15,21–25 – all of which de-
mand mψ ∼ 10−22 eV – has called attention to ultra-
light bosons as a credible candidate for CDM.

While cosmological simulations involving both
%DM and ψDM predict the same large-scale struc-
ture for the universe, ψDM naturally gives rise to
characteristics observed among galaxies that pose
as problems for %DM. For instance, %DM halos
are predicted to increase dramatically in abun-
dance toward lower masses until the Jeans limit at
roughly 103M�, thus giving rise to the missing-
satellite problem3. By contrast, ψDM halos are pre-
dicted to be increasingly suppressed below masses
of ∼ 1010(mψ/10−22 eV)−4/3M� until a cutoff at
∼ 107(mψ/10−22 eV)−3/2M� (Ref. 15). The sup-
pression of relatively low-mass ψDM halos in the
early universe provide an explanation for the appar-
ent turnover in the abundance of galaxies toward
lower luminosities at high redshifts23(large cosmolog-
ical distances). For mφ ∼ 10−22 eV, λdB ranges from
∼100 pc in massive galaxies (Mh ∼ 1011–1012M�) to
∼1 kpc in dwarf galaxies (Mh ∼ 109M�), thus im-
posing a sizeable ψDM solitonic core in, especially,
low-mass galaxies. The presence of solitonic cores
explains why dwarf galaxies do not exhibit a cusp21,
a problem that can be circumvented in %DM only
for relatively massive galaxies by appealing to feed-
back from star formation. In addition, the recently
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reported transition in stellar density at a radius of
∼1 kpc in local dwarf galaxies provides direct evi-
dence for a solitonic core in these galaxies24. Finally,
a ψDM halo featuring a solitonic core can reproduce
the flat stellar velocity dispersion of the ultra-diffuse
galaxy DF44 that extends to ' 3 kpc (Ref. 24).

Here, we explore observational consequences for
the third defining feature of ψDM that provides
the clearest signature of its quantum behaviour on
macroscopic scales: the pervasive fluctuations in den-
sity ranging between zero (owing to completely de-
structive interference) and twice the local mean den-
sity (owing to perfectly constructive interference) on
a characteristic scale of λdB. As we shall show, such
density fluctuations in galactic halos can be revealed
through their effects on gravitationally-lensed images
of background galaxies. Indeed, lens models based on
smoothly-varying density profiles as are motivated
by %DM commonly leave differences between the
predicted and observed brightnesses26–32 as well as,
when observed at a sufficiently high angular resolu-
tion, positions of multiply-lensed images33–35. These
differences, well documented over the past 20 years,
are referred to as brightness (or flux) and position
anomalies respectively. Populating massive halos
with lower-mass halos – referred to in this context as
sub-halos, which when visible in starlight constitute
satellite galaxies – have had mixed success in resolv-
ing brightness anomalies26,32,36, and have not yet ad-
dressed position anomalies let alone both anomalies
simultaneously.

In the following, we shall demonstrate that galac-
tic ψDM halos will inevitably leave both brightness
and position anomalies at the observed levels – pro-
vided that mφ is of order 10−22 eV – if lens models
are constructed for these halos based on smoothly-
varying density profiles. In making these compar-
isons, we adopt identical analytical functions for the
global density profiles of both %DM and ψDM halos
(the latter as smoothed over many λdB) of the types
most commonly adopted in the literature. To high-
light differences in lensed images generated solely by
DM manifested macroscopically as waves rather than
particles, we do not consider the role of sub-halos, if
any, in producing brightness or position anomalies.
As discussed in Methods, sub-halos have very differ-

ent physical properties than the pervasive over-dense
(relative to the local mean) fluctuations in ψDM.
Moreover, there is no counterpart in %DM for the
equally pervasive under-dense fluctuations in ψDM.
Also crucially, sub-halos are much less abundant in
ψDM compared with %DM as explained above. We
then show that ψDM halos, unlike models based
on %DM halos, can actually reproduce the observed
brightnesses and positions of the quadruply-lensed
triplet images in the particularly well-observed sys-
tem HS 0810+2554 (Ref. 33).

Gravitational Lensing by ψDM
versus %DM
Gravitational lensing by a foreground galaxy magni-
fies in both size and brightness (by preserving the
surface brightness) background galaxies, but at the
same time distorts the images of these galaxies owing
to variations in lensing magnification across the im-
age. Where multiple images of the same background
galaxy are produced, thus revealing gravitationally-
lensed systems, none of the image positions cor-
respond to the actual position of the background
galaxy. In this situation, the positions and bright-
nesses of the multiply-lensed images at known red-
shifts inform the projected surface (i.e., column) mass
density of the foreground lensing galaxy as projected
onto the sky. Inaccuracies or missing ingredients in
lens models thus constructed are revealed by their
inability to exactly reproduce the observed positions
and/or brightnesses of the multiply-lensed images.

Multiply-lensed images most commonly appear
near the critical curve of the foreground lensing
galaxy, where the lensing magnification is highest.
In situations where the foreground and background
galaxies are in (near-)perfect alignment, the multiply-
lensed images blend into an Einstein ring (which
therefore corresponds to the critical curve of the lens-
ing galaxy at the redshift of the background lensed
galaxy). Fig. 1 (see construction in Methods) shows
the surface mass density of a foreground lensing
galaxy immersed in a %DM (panel a) or ψDM (panel
b) halo, along with its corresponding critical curve.
Both halos have the same global density profile as

iii



Figure 1: Iso-magnification contours of ψDM versus %DM halos. Iso-magnification contours for
gravitational lensing by a halo at zl = 0.89 imposed upon point sources at zs = 1.51. Contour levels are
plotted at µ = 10, 100, and 1000, where a thicker contour indicates the critical curve. The %DM halo has a
NFW profile with parameters as listed in Extended Data Table 1; the ψDM halo has the same global profile,
but imprinted onto which is a GRF having λdB = 180 pc and a standard deviation, σκ, that varies with
projected radius from the halo centre as plotted for a NFW profile in Extended Data Fig. 1. The surface
mass densities of these halos are expressed in terms of their convergence, κ (see Methods). a, Smooth
iso-magnification contours reflecting the smooth-varying surface mass density of the %DM halo. The critical
curve (locus of highest magnification) can be easily recognised as a near-circular Einstein ring. b, Perturbed
iso-magnification contours, including islands of high magnification, reflecting fluctuations in the surface mass
density of a ψDM halo. c, Same as b, but showing only the GRF imprinted onto the %DM halo in a to
create the corresponding ψDM halo in b. Perturbations in the iso-magnification contours can be seen to
be directly related to fluctuations in the convergence, δκ (see Methods), created by the GRF. To highlight
differences caused solely by quantum interference in ψDM halos even when they have the same global profile
as %DM halos, we do not consider the uncertain presence of sub-halos throughout this article.

described by a Navarro-Frenk-White (NFW) profile
having the parameters listed in Extended Data Ta-
ble 1; in the case of the ψDM halo, the global density
profile corresponds to that smoothed over many λdB.
The redshift and mass of the lensing galaxy along
with the radius of its Einstein ring (hereafter Ein-
stein radius), as well as the redshift of the background
lensed galaxy, match the corresponding parameters
for the system HS 0810+2554. Whereas the %DM
halo has a smooth and nearly circular critical curve

(panel a), the ψDM halo exhibits a highly-perturbed
critical curve along with isolated critical lensing is-
lands (panel b) that are directly related to fluctua-
tions in the surface mass density of this halo (panel
c). As might be anticipated, such fluctuations can
lead to perturbations in both the brightnesses and
positions of lensed images as we shall next demon-
strate.

The lensing magnification generated by the same
model halos as in Fig. 1 are shown in Fig. 2a for
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Figure 2: Lensing Magnification of ψDM versus %DM halos. Rainbow colors indicating lensing
magnification, µ, imposed onto a source at zs = 1.51 by a halo at zl = 0.89 comprising either %DM or ψDM,
both of which have the same global NFW profile (with parameters as listed in Extended Data Table 1).
Physical scales are plotted at the redshift of the halo. a, Halo with a smoothly-varying density profile as is
characteristic of %DM. b–d, Halos onto which different GRF realisations have been imprinted onto the %DM
halo in a to mimic ψDM halos having λdB = 180 pc (corresponding to mψ = 1× 10−22 eV). The fractional
masses of smoothly-distributed baryons within the Einstein ring increase from b to d, thereby progressively
damping fluctuations in the surface mass density of the ψDM halos (see text) and consequently also local
perturbations in their µ. White arclets are lensed images of a compact circular source located at a fixed
position near the cusp of a caustic (see Extended Data Fig. 3). Their lengths are proportional to their lensing
magnifications, which are visibly different for the corresponding arclets generated by the different halos. Red
dots correspond to the intensity-weighted centroids of the arclets in a as lensed by the %DM halo, and are
plotted repeatedly in b–d to make clear the different positions of the lensed images generated by the ψDM
halos having the same global profile. These differences give rise to brightness and position anomalies when
a model %DM lens (a) is used to reproduce the multiply-lensed images generated by ψDM halos (b–d), as
quantified in Fig. 3.

%DM and Fig. 2b–d for ψDM (see construction in
Methods). To emphasise the indeterminate nature
of quantum interference in an actual ψDM halo, the
ψDM halos in Fig. 2b–d have different patterns in
their random density fluctuations and therefore corre-
spondingly different patterns in their critical curves.
These halos also have different mass fractions in
stars and gas (collectively referred to as baryons):
the incorporation of smoothly-distributed baryons is
to dampen modulations in the 3-dimensional mass

density field of a ψDM halo, and therefore fluctu-
ations in its corresponding projected 2-dimensional
surface mass density field. The damping introduced
by smoothly-distributed baryons decreases away from
the halo centre for a more centrally concentrated dis-
tribution of baryons than ψDM. Given the relatively
short distances from the critical curve involved for
the multiply-lensed images considered in Fig. 2 as de-
scribed next, for simplicity we damp the surface mass
density fluctuations by constant factors of 20%, 50%,
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and 80% in Fig. 2b–d; the corresponding fractional
baryonic masses within the Einstein radius are sum-
marised in Methods Data Table 2 for different global
density profiles for these baryons.

To visualise gravitational lensing by the model
%DM and ψDM halos of Fig. 2, we consider a compact
and uniformly bright circular source located near the
cusp of a caustic (projection of the critical curve onto
the source plane as shown by the illustration in Ex-
tended Data Fig. 2). The multiply-lensed images thus
produced are shown as white arclets in Fig. 2, for
which only the highly-magnified triplet straddling the
critical curve is shown – these being the images nor-
mally considered in studies of brightness and posi-
tion anomalies for cusp configurations. By compar-
ison with the multiply-lensed images generated by
the %DM halo, those generated by the ψDM halos
have obviously different (total) brightnesses and (cen-
troid) positions. These differences would be revealed
as anomalies even if a smooth lens model that accu-
rately captures the global profile of the ψDM halos
(i.e., the %DM halo shown in the same figure) is con-
structed to reproduce their multiply-lensed images.

Position and Brightness Anoma-
lies
We now quantify the general level of position and
brightness anomalies inevitably left by smooth lens
models based on %DM when constructed to reproduce
multiply-lensed images generated by actual ψDM ha-
los. For any given image configuration, the standard
deviation in positional differences between lensed im-
ages thus produced provides a conventional measure
of the positional anomaly. That is, given a posi-
tion xψDM

i for the (observed) i’th lensed image in
the ψDM lens (e.g., centroid of white arcs in Fig. 2b–

d), and a corresponding position x%DM
i for the (pre-

dicted) i’th lensed image in the %DM lens (i.e., cen-
troids of white arcs in Fig. 2a as indicated by the red
points in all panels), the position anomaly is given

by A =
[

1
3

∑3
i=1(xψDM

i − x%DM
i )2

]1/2
for the highly

magnified triplet images of a cusp configuration.

Fig. 3 shows the distribution in A derived by com-

paring the multiply-lensed images generated by the
model %DM lens of Fig. 2a with those generated by
pure ψDM halos (i.e., no baryonic content) hav-
ing the same global density profile (see Methods
for its construction). The different colour curves
in Fig. 3a correspond to different λdB depending on
the selected mψ (ranging over an order of magnitude
around 10−22 eV): for a given λdB, a range of position
anomalies are possible owing to the indeterminate na-
ture of quantum interference in actual ψDM halos.
As would be naturally expected, the overall range in
A and its median value increases with increasing λdB

and therefore decreasing values of mψ. Fig. 3b shows
the corresponding situation at a fixed λdB = 180 pc
(for mψ = 1× 10−22 eV) but with the fluctuations in
surface mass density of the ψDM halo damped by dif-
ferent amounts according to the fractional baryonic
mass within the Einstein radius (see Extended Data
Table 2). Both the overall range in A and its median
value decreases with increasing baryonic content, as
is the case shown in Fig. 2b–d.

Over the range of boson masses and baryonic con-
tent considered for the ψDM halos, the predicted
level of positional anomaly is of order 10 milliarsec-
onds. Such small positional anomalies are not ap-
preciable in optical observations even with the Hub-
ble Space Telescope (HST), but noticeable in ra-
dio observations using Very Long Baseline Interfer-
ometry (VLBI): indeed, positional anomalies of this
magnitude have been reported in VLBI observations
of HS 0810+255419 (Ref. 33), MG J0751+271618
(Ref. 34) and CLASS B0128+43717 (Ref. 35). To
compare our model predictions with actual observa-
tions, the histograms in Fig. 3a-b indicate the posi-
tional anomalies left by the %DM lens model con-
structed by Ref. 33 for the highly-magnified triplet
images straddling the critical curve of the quadruply-
lensed system HS 0810+2554 (recall that Figs. 1–3 are
constructed based on physical parameters appropri-
ate for this system). Although the lensing configu-
ration of this system is between a cusp and a fold
thus requiring more exacting model calculations as
are made below, the model predictions are in broad
agreement with the measured position anomalies for
mψ of order 10−22 eV.

Fig. 3c shows the corresponding distribution in
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Figure 3: Position and brightness anomalies. Probability distribution of position, A, and brightness,
Rcusp, anomalies (see text for how these parameters are defined) left when using the %DM halo of Fig. 2a
to reproduce multiply-lensed images generated by ψDM halos having the same global profile as this %DM
halo (examples shown in Fig. 2b–d). a, Different curves are position anomalies left for pure ψDM halos (i.e.,
no baryons) having different λdB spanning the range 30–210 pc, corresponding to the range in mψ of (0.8–
6)× 10−22 eV. b, Same as a except now for ψDM halos having a fixed λdB = 180 pc but different fractional
baryonic masses (see Extended Data Table 2), resulting in damping of the fluctuations in their column mass
density by different amounts. c, Same as b, except now for brightness anomalies. The histograms in a–b
show the reported position anomalies for the system HS 0810+2554 (Ref 33) presented in Fig. 33, whereas the
histogram in c shows the reported brightness anomalies for eight separate multiply-lensed QSOs26 including
also HS 0810+2554 (Ref. 39) all based on observations with the HST. The predicted position and brightness
anomalies are in broad agreement with those observed for mψ of order 10−22 eV.

brightness anomaly, which is conventionally defined
for a cusp configuration in terms of the magnifications
µ1, µ2, and µ3 for each of the triplet images formed
near the critical curve by Rcusp = µ1+µ2+µ3

|µ1|+|µ2|+|µ3| . Im-

ages formed outside the critical curve have positive
parity (i.e., µ1 > 0 and µ3 > 0 for the configuration
in Fig. 2a), whereas those that form inside the criti-
cal curve have negative parity (µ2 < 0). Studies have
shown that small-scale structure has a higher prob-
ability of suppressing negative parity images than
amplifying positive parity images28,37, resulting in
a higher probability for obtaining a positive value
of Rcusp. For the model %DM lens, Rcusp = 0.09.
By comparison, for the model ψDM lenses having a

fixed λdB = 180 pc but different fractional baryonic
mass within the Einstein ring, Rcusp has a charac-
teristic peak between 0.2 and 0.4 that depends only
relatively weakly (unlike for A) on the baryonic con-
tent. We note that the level of brightness anomaly
predicted in Fig. 3c is similar to that predicted by
Ref. 38 based on a pure ψDM halo of similar mass, al-
though they do not report the predicted level of posi-
tion anomaly. The brightness anomalies reported for
eight separate systems26 including HS 0810+255430,
all based on observations with the HST, are indicated
by the histogram in Fig. 3c. Although the lensing
galaxies involved span a range of masses, thus re-
quiring model ψDM lenses having different λdB to be
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generated for exacting one-on-one comparisons, the
predicted brightness anomalies span a range similar
to those reported for these galaxies.

Reproducing the Gravitational-
Lensed System HS 0810+2554

The encouraging statistical agreement between the
predicted and measured level of anomalies demon-
strated in Fig. 3 motivates a more stringent test: eval-
uating whether ψDM lenses can actually reproduce
the observed positions and brightnesses of multiply-
lensed images. For this test we consider the sys-
tem HS 0810+2554, which comprises a massive fore-
ground elliptical galaxy that quadruply lenses a back-
ground galaxy featuring a: (i) quasi-stellar object
(QSO) as imaged in the optical with the Hubble
Space Telescope (HST)39; and (ii) pair of radio jets
(presumably emanating from this QSO) as imaged
with the European VLBI Network (EVN)33. Lensed
images of each feature appear in all four sets of images
labelled A–D in Fig. 4. The higher angular resolution
attained with the EVN provides more precise image
positions for the radio jets, as indicated by the four
pairs of blue and red error ellipses in Fig. 4, than the
image positions measured by the HST for the optical
QSO, as indicated by the four black error circles.

For lens modelling, the radio jets provide eight
positional constraints whereas the optical QSO pro-
vides only four; both the radio and optical constraints
cannot be used together owing to uncertainties in
the registration between optical and radio references
frames amounting to a few 10 mas. Using therefore
the positions of the quadruply-lensed radio jets as
constraints, we constructed different %DM lens mod-
els with and without external shear (see Methods)
to estimate the global radial density profile of the
lensing galaxy, and settled on a best-fit model com-
prising an elliptical power-law profile without exter-
nal shear (see parameters in Extended Data Table 1).
The resulting model-predicted image positions for the
quadruply-lensed pair of radio jets are indicated by
four pairs of red and blue crosses in Fig. 4 (having
arm lengths reflecting tolerances in the model %DM

lens; see Methods), many of which are significantly
different from their observed positions as indicated
by the corresponding pairs of blue and red error el-
lipses. The position anomalies thus left by our best-
fit %DM lens model are similar in level with those
left by the %DM lens model reported by Ref. 33. To
best match the observed image positions of the op-
tical QSO, our %DM lens model requires this QSO
– the presumed core of the radio jets – to be closer
to one jet than the other (see Extended Data Fig. 5),
as is typically observed for core-jet systems owing to
stronger Doppler boosting of one jet than its opposing
counterpart. The image positions thus predicted by
our %DM lens model for the quadruply-lensed QSO
are indicated by the four black crosses in Fig. 4 (again
having arm lengths reflecting tolerances in the model
%DM lens), once more leaving position anomalies for
most of the lensed images just like in the %DM lens
model of Ref. 33.

To construct the model ψDM lens having the same
global radial density profile as the model %DM lens,
we imprinted seventy-five different randomly gener-
ated patterns for its density fluctuations – all hav-
ing λdB = 180 pc (corresponding to a boson mass of
1 × 10−22 eV given the halo mass) – onto the model
%DM lens so as to reflect the indeterminate nature
of quantum interference in an actual ψDM halo (see
Methods). Our ψDM model for the lensing galaxy in-
cludes a baryonic component that damps fluctuations
in its surface mass density by 50% around the criti-
cal curve by comparison with a pure ψDM halo (see
Extended Data Table 2 for the corresponding frac-
tional mass in baryons depending on its global pro-
file). Fig. 4 shows the resulting model-predicted po-
sitions for the pair of radio jets as indicated by the
blue and red points, as well as for the optical core
as indicated by the black points, for which seventy-
five points are plotted for each lensed feature at each
image set A–D. Tolerances in the inferred parame-
ters for the global radial density profile of the actual
ψDM halo give rise to uncertainties in the model-
predicted positions of the lensed images, for which
the sizes of the crosses in Fig. 4 provide a gauge. As
can be seen, perturbations in the positions of the
quadruply-lensed lensed images introduced by fluctu-
ations in the surface mass density of the model ψDM
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Figure 4: ψDM versus %DM model predictions for HS 0810+2554. Predicted versus observed
positions of an optical QSO (black symbols) and a pair of radio jets (red and blue symbols) at zs = 1.51 that
are quadruply-lensed (into images A–D) by an elliptical galaxy at zl = 0.89 (centred at origin of coordinate
system). Central panel is an overview of the entire system, where the green ellipse indicates the Einstein
ring predicted by our best-fit %DM lens model (see Methods). Model galaxy coloured yellow for the baryonic
component (size enclosing half its total mass) and grey for the %DM component (size enclosing 15% of its
total mass). a–d, Closeups on the individual sets of quadruply-lensed images labelled A–D, each comprising a
single image of the QSO and two images for the pair of jets. Observed image positions are indicated by circles
or ellipses, each with a radius or semi-major/semi-minor axis of 3σ (where σ is the measurement uncertainty)
so as to encompass 99.7% of all possible positions. Crosses indicate the positions of the quadruply-lensed
images predicted by our best-fit model %DM lens, with arm lengths corresponding to ±3σtol (σtol reflecting
tolerances in the inferred parameters of the model %DM lens; see Methods): these positions differ by much
larger than the uncertainties for nearly all of the observed images. Dots indicate predicted positions of
the quadruply-lensed images based on 75 different GRF realisations having λdB = 180 pc imprinted onto
the model %DM lens, mimicking a suite of ψDM lenses all having the same global profile. Baryons are
smoothly distributed onto the ψDM lenses to damp fluctuations in their surface mass densities (see text).
The positions of the lensed images predicted by the suite of model ψDM lenses have uncertainties, owing to
tolerances in the inferred global profile of the best-fit %DM lens, similar to the corresponding crosses. Source
positions as inferred from our by best-fit %DM lens model is shown in Extended Data Fig. 5b.

lens can bring the model-predicted positions to good
agreement with the observed positions – keeping in
mind that the true pattern of density modulations in

a ψDM halo is inherently nondeterministic, so that
construction of a model ψDM lens that provides a
one-to-one match for each lensed feature is highly im-
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probable.
Although the positional deflection imposed on a

given lensed image is independent of any other given
the random nature of density fluctuations in a ψDM
halo, an important test is to check whether the suite
of model ψDM lenses predicts a preferential angular
separation between the different features in a given
set of lensed images; this preferred angular separa-
tion, if it exists, would therefore also correspond to
that most likely to be observed. Extended Data Fig. 7
shows that there is indeed a preferred angular sepa-
ration between the radio jets predicted by the suite
of model ψDM lenses: for the majority of jet pairs,
this preferred angular separation is in close agreement
with their observed angular separation. Extended
Data Fig. 8 demonstrates the ability of the suite of
model ψDM lenses to reproduce the observed ratio
in intensities between the pair of radio jets in each
of the four sets of lensed images. Finally, Extended
Data Fig. 9 shows the ability of the suite of model
ψDM lenses to reproduce the brightness anomaly left
over by our %DM lens model for the optical QSO.
The broad agreement found between model predic-
tions and observations in all these tests demonstrates
the predictive power of ψDM for reproducing the
multiply-lensed images of HS 0810+2554, and pose
as critical challenges for %DM models in reproducing
this system.

Future Prospects

The increasing astrophysical evidence for ultralight
bosons with rest-mass energies of order 10−22 eV
(Refs. 14,15,21-25) has propelled axions – a class of
particles well motivated by theories of new physics –
to the forefront as a candidate for CDM. New obser-
vational consequences of ψDM continue to be eval-
uated and subjected to astrophysical tests. Labora-
tory experiments to detect DM axions continue, and
new experiments are being proposed and developed.
Laboratory experiments designed to detect WIMPs
at sensitivities reaching the neutrino floor (as im-
posed by cosmic, terrestrial, and man-made neutri-
nos), slated for this decade, will provide a critical
reckoning for the class of new physics that predict
WIMPs – and with it the viability of these particles as

candidates for CDM. Crucially, determining whether
%DM or ψDM better reproduces astrophysical obser-
vations will tilt the balance towards the correct class
of theories for new physics.
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Methods

1 Halo Mass Density Fields

1.1 Global Radial Density Profile

Figs. 1–3 are constructed based on a foreground lens-
ing galaxy at a redshift of zl = 0.89 having a halo
virial mass of Mh = 7 × 1011M�, and a background
lensed galaxy at a redshift of zs = 1.51, so as to pro-
vide a specific match to the system HS 0810+2554
(Ref. 33). We adopt a Navarro-Frenk-White (NFW)
profile for the global radial density profile of the lens-
ing galaxy, as is commonly used to model CDM ha-
los. A small ellipticity of e = 0.2 is imposed onto
the halo such that its symmetry axis is aligned with
the sky. We selected a concentration parameter and
scale radius for this NFW profile so as to give rise
to an Einstein radius corresponding to that inferred
for the lensing galaxy in HS 0810+2554. This model
halo, the parameters for which are summarised in
Extended Data Table 1, stands in for a %DM halo de-
void of sub-halos so as to highlight brightness and
position anomalies arising solely from the pervasive
density fluctuations characterising ψDM halos. Fig. 4
was constructed based on the same aforementioned
redshifts for the foreground lensing and background
lensed galaxy, as well as the same halo mass for the
lensing galaxy, but with the global density profile of
the lensing galaxy tuned to best fit the positions of
the multiply-lensed images in HS 0810+2554 as de-
scribed in more detail later.

1.2 Projection onto the Sky

Owing to the large cosmic separations involved,
gravitational lensing by a galaxy can be accurately
treated as a thin lens – corresponding to the col-
umn mass density of the galaxy as projected onto
the sky. Such a projection from three dimensions
(3-D) to two dimensions (2-D) is straightforward for
halos having a smoothly-varying radial density pro-
file. To compute the 2-D surface mass density of a
ψDM halo, however, we need to integrate along the
line-of-sight through its 3-D mass density field that

fluctuates randomly about the local mean owing to
quantum interference. The 3-D mass density field
of ψDM halos is inherently complex14: over a spa-
tial scale characterised by the de Broglie wavelength,
λdB (see Eq. 1), the density can fluctuate randomly
between zero (corresponding to fully destructive in-
terference) to twice (corresponding to fully construc-
tive interference) the local average density. As we do
not know a priori the distribution in 3-D densities
along a given sightline, the line-of-sight integration
through the randomly fluctuating 3-D density field of
a ψDM halo is inherently indeterministic. Nonethe-
less, if performed repeatedly for all possible outcomes
for the 3-D density distribution along a particular
sightline, this integration tends toward a Gaussian
distribution regardless of the distribution in 3-D den-
sities as dictated by the central limit theorem. As we
will show, the column mass density field of DM halos
can therefore be approximated as a Gaussian random
field (GRF) having also a characteristic scale of λdB

imprinted onto the smoothly-varying (i.e., averaged
over many λdB across the sky) global density profiles
of these halos as projected onto the sky. Given an
analytical function for the global density profile of a
ψDM halo, the manner by which the variance of its
associated GRF changes with projected radius from
the halo centre can be computed in the manner de-
scribed below.

Let the halo mass density be ρ(r) at a 3-D po-
sition vector r from the center of a halo, around
which the mean density (i.e., smoothed over many
λdB) as determined from the 3-D global density pro-
file is 〈ρ(r)〉. As mentioned above, ρ(r) can fluctuate
randomly between zero and 2〈ρ(r)〉, such that at a
given position r the fluctuation from the local mean
is δρ = ρ(r)− 〈ρ(r)〉. At a projected radius vector ξ
from the center of the halo, integrating along the line
of sight yields the column density Σ(ξ). Applying
the central limit theorem over a small region around
ξ, the column density fluctuates randomly about the
local mean column density, 〈Σ(ξ)〉, with a Gaussian
distribution. The deviation in column density from
the local mean, δΣ = Σ(ξ)−〈Σ(ξ)〉, can be computed
according to δΣ = limn→∞

∑n
i=1 δρi∆zi, where i de-

notes the many stochastic (random and independent)
3-D density fluctuations from the local mean, δρi, en-
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Model zl zs Einstein Radius (′′) Ellipticity Scale Radius (kpc) Mh(1011M�) c
NFW 0.89 1.51 0.46 0.2 5 7 9
PL (index of 1.7) 0.89 1.51 0.48 0.05 - - -

Extended Data Table 1: Parameters for lens models. Note: Mh is defined as virial mass and c is concentration
parameter.

countered along the sightline, and ∆zi is an interval
equal to λdB in the line-of-sight direction z. The
variance in column density fluctuation, σ2

Σ(ξ), can
be computed by taking the expectation value of the
squared deviations:

σ2
Σ(ξ) =

〈(
lim
n→∞

n∑
i=1

δρi∆zi

)2〉
(2)

Now, by definition, the expectation value is ob-
tained by multiplying a variable with its probability
and then summing over all possible outcomes for this
variable. Owing to the stochastic nature of ψDM
fluctuations, each fluctuation draws its density from
its own unique probability density function (PDF),
Pδρ,i; to obtain the expectation value, we therefore
need to multiply each fluctuation with its respective
PDF. The product of all the PDFs in sequence (i.e.,
multiplicative version of the summation sign) is de-
noted by the symbol

∏n
i=1, for which the symbol

dn(δρ) (the integration measure) indicates an inte-
gration over all the fluctuations (from i = 1 to n).
The variance in column density fluctuations is there-
fore:

σ2
Σ(ξ) = lim

n→∞

∫
n

dn(δρ)
[ n∑
i=1

(δρi∆zi)
2
] n∏
i=1

Pδρ,i

= lim
n→∞

∫
n

dn(δρ)
[ n∑
i=1

(δρi∆zi)
2+

n∑
i=1

n∑
j 6=i
��

���:
0

δρiδρj∆zi∆zj

] n∏
i=1

Pδρ,i. (3)

Because the fluctuations are independent from each
other, there is no correlation between fluctuations
and consequently the cross-term is 0.

Expanding Eq. 3:

σ2
Σ(ξ) = lim

n→∞

n∑
i=1

(∆zi)
2
(∫ ∞
−∞

[
(δρi)

2Pδρ,i

]
d(δρi)

∫
n−1���

���
���:

1
dn−1(δρ)

( n∏
j 6=i

Pδρ,j

))
(4)

The first integral, which picks out the PDF cor-
responding to the i-th fluctuation, is, by definition,
the variance in δρi given its particular Pδρ,i, and will
henceforth be denoted as σ2

ρ,i. The second integral,
which picks out the PDFs corresponding to all other
fluctuations, evaluates to unity as it comprises an in-
tegral over the entire PDF for each fluctuation. Eq. 3
can therefore be rewritten as:

σ2
Σ(ξ) = lim

n→∞

n∑
i=1

σ2
ρ,i(∆zi)

2 (5)

We now promote the discrete sum of
Eq. 5 to the continuous limit by treating
σ2
ρ,i = (1/∆zi)

∫ zi+1

zi
σ2
ρ dz; i.e., the discretised

mass density variance, σ2
ρ,i, can be interpreted as

the average value of the continuous mass density
variance, σ2

ρ, within the i-th fluctuation. This
approximation is justified so long the interval size,
∆zi, is much smaller than the scale of variations in
σ2
ρ, that is ∆z << σ2

ρ/|dσ2
ρ/dz|, as is self evident

when ∆zi ∼ λdB or smaller. Applying this treatment,

σ2
Σ(ξ) = lim

n→∞

n∑
i=1

[ 1

∆zi

∫ zi+1

zi

σ2
ρ dz

]
(∆zi)

2 (6)

xii



Substituting ∆zi by λdB,

σ2
Σ(ξ) = λdB

(
lim
n→∞

n∑
i=1

∫ zi+1

zi

σ2
ρ dz

)
= λdB

∫ ∞
−∞

σ2
ρ(z, ξ)dz (7)

meaning that the variance in the column mass density
can simply be written in terms of the variance in the
3-D mass density along a given sightline. In Eq. 7, we
have made explicit that σ2

ρ is a function of the 3-D
position r→ (z, ξ).

As an example, let us consider a ψDM halo
having a global density profile described by a NFW
profile. If the 3-D density of this NFW profile at
r is denoted as ρsmooth(z, ξ), then the standard
deviation in density at r for the corresponding ψDM
halo is σρ(z, ξ) ∼ ρsmooth(z, ξ) (as the 3-D density
fluctuates between 0 and twice the local mean
density). The exact proportionality between σρ(z, ξ)
and ρsmooth(z, ξ) is not of great concern because,
in a real galaxy, σρ(z, ξ) is damped to varying
degrees depending on the radial distribution of a
smoothly-varying baryonic component as discussed
below. In this situation:

σ2
Σ(ξ) = λdB

∫ ∞
−∞

σ2
ρ(z, ξ)dz

' λdB

∫ ∞
−∞

ρ2
smooth(z, ξ)dz

'



ρ2
orsλdB

[
π

x
− 1

(x2 − 1)3

[
6x4 − 17x2 + 26

3
+

2x6 − 7x4 + 8x2 − 8√
1− x2

sech−1(x)

]]
, x < 1,

ρ2
orsλdB

[
π

x
− 1

(x2 − 1)3

[
6x4 − 17x2 + 26

3
+

2x6 − 7x4 + 8x2 − 8√
x2 − 1

sec−1(x)

]]
, x > 1.

(8)

where ρo is a normalization factor (ρsmooth ≡ ρo/4

at the scale radius, rs), and x ≡ ξ/rs. In the for-
malisation of gravitational lensing, we can define a
dimensionless quantity known as the convergence, κ,
which expresses the normalised column density as
κ = Σ(ξ)/Σcr, where Σcr is the critical surface den-
sity. The latter is related to the lensing geometry
by Σcr = c2Ds/(4πDlDls), where Ds is the angular
diameter distance to the lensed source, Dl is the an-
gular diameter distance to the lens, and Dls is the
angular diameter distance between the lens and the
lensed source. The deviation in column density from
the local mean in terms of the convergence can be
written as δκ = δΣ/Σcr. In the same way, we can
define a dimensionless quantity for the variance in
column density fluctuations, σ2

κ(ξ) ≡ σ2
Σ(ξ)/Σ2

cr. A
detailed calculation in Fourier space arrives at a sim-
ilar form for the variance in column density of the
ψDM fluctuations40.

For a foreground lensing galaxy at a redshift of zl
= 0.89 having a virial mass of 7 × 1011M� along
with a background lensed galaxy at a redshift of zs
= 1.51, we plot in Extended Data Fig. 1 the ratio
σκ(ξ)/κsmooth for which κsmooth is the convergence
for the adopted underlying smoothly-varying density
profile. The blue curve is for a ψDM halo having a
NFW global density profile as was used for making
Figs. 1–3, and the red curve for a ψDM halo having
a power-law (PL) global density profile as was used
for making Fig. 4. As can be seen, the fluctuations
in column mass density of a ψDM halo diminishes
outwards from the halo centre. The dashed vertical
line indicates the Einstein radius for the model halos,
around which the variation in σκ/κsmooth with radius
is quite similar for both halos.

1.3 Construction of ψDM lenses

To create the GRF capturing to the pervasive fuctua-
tions in the column mass density of ψDM halos about
the local mean, we used the powerbox package41 in
Python. The GRF has a mean of zero, and a stan-
dard deviation that varies with radius according to
Eq. 8 for a NFW profile – and as plotted in Extended
Data Fig. 1 (blue curve) for the NFW having param-
eters as listed in Extended Data Table 1. Following
standard practise40,42, we adopted for each fluctua-
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Model Sérsic index Half-mass radius (kpc) GRF Damping(%) Baryonic fraction within
Einstein radius (%Mh)

NFW 4 1.1 20 3.40
NFW 4 1.0 50 7.50
NFW 4 0.4 80 13.3
NFW 1 2.0 20 3.70
NFW 1 1.3 50 7.70
NFW 1 1.2 80 13.5
PL 4 1.0 50 7.60

Extended Data Table 2: Relation between GRF damping and baryonic content for model ψDM halos

Extended Data Figure 1: Standard devi-
ation of GRF. Projected radial dependence in
σκ(ξ) ≡ σΣ(ξ)/Σcr for the GRF relative to κsmooth ≡
Σsmooth(ξ)/Σcr for an NFW (blue) global profile com-
puted according to Eq. 8, and for a PL (red) global
profile computed in the same manner. Imprinting
GRFs having an appropriate σκ onto these profiles
to generate model ψDM lenses, fluctuations in the
column mass density of these lenses diminish with in-
creasing projected radius, ξ, from the halo centre. At
the Einstein radius for these particular model lenses
and the lensed source (see main text), the GRF has
a standard deviation of ∼10%-15% the local mean
column mass density of both these profiles.

tion (i.e., at each grid point) a Gaussian profile in

column mass density with a full width at σ of λdB.
In this way, the characteristic scale of fluctuations
in the 3-D density field is preserved when projected
onto 2-D, a good approximation when applying the
central limit theorem to λdB-sized regions that are in-
dependent in terms of phase for the interfering ψDM
waves and therefore of location. An equivalent situ-
ation is temperature anisotropies in the Cosmic Mi-
crowave Background, whereby the power spectrum
of the projected 2-D temperature fluctuations reflect
that of the 3-D temperature fluctuations.

To construct the model ψDM lenses used in Figs. 1-
3, we imprinted one or more of the GRF realisations
thus generated at a selected λdB (for a given mψ)
onto the NFW profile having parameters as listed
in Extended Data Table 1. To simulate real galax-
ies, we added smoothly distributed baryons (stars
and gas), the effect of which is to dampen fluctua-
tions in the 3-D mass density and hence also fluc-
tuations in the projected 2-D column mass density
of a pure ψDM halo. As we are only interested in
regions close to the critical curve, for simplicity we
damp the GRF field by selected constant factors for
the ψDM halos used to make Figs. 2-4. For a given
profile for the baryonic component, the damping thus
imposed is related to the fractional baryonic mass
within the Einstein radius. Here, for illustration, we
consider Sérsic profiles for the baryonic component
having Sérsic indices of n = 1, corresponding to an
exponential disk as is characteristic of spiral galax-
ies, and n = 4, corresponding to the de Vaucouleurs
law as is characteristic of elliptical galaxies. The half-
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mass radius of the baryonic component along with its
fractional mass within the Einstein radius are listed
in Extended Data Table 2 for the different damping
factors considered in Figs. 2–4.

To avoid unnecessary computational effort given
the similarity at which σκ/κsmooth varies with radius
around the Einstein radius for both NFW and PL
profiles, to construct the suite of model ψDM lenses
employed in Fig. 4, we used the same GRF realisa-
tions but now imprinted onto a PL profile having
parameters as listed in Extended Data Table 1.

2 Gravitationally-Lensed Im-
ages

Once a model for the surface mass density of the
lensing galaxy is defined, the next step is to calcu-
late deflection angles and magnifications imposed by
gravitational lensing onto a background object (re-
ferred to in the formalism of gravitational lensing as
the source). The predicted positions and brightnesses
of the resulting lensed images compared with those
actually observed, if not in perfect agreement, leave
position and brightness anomalies.

2.1 Deflection angles and magnifica-
tions

To accurately calculate deflection angles and magni-
fications imposed by gravitational lensing in the sit-
uation where the surface mass density of the lens-
ing galaxy fluctuates on spatial scales characterised
by λdB, we need to adopt a pixel size that is much
smaller than λdB. In our work, we adopt a pixel
size of 1 mas, which at a redshift of zl = 0.89 for the
lensing galaxy corresponds to a physical size of 8 pc,
much smaller than range λdB = 30–210 pc consid-
ered. We generated multiple GRFs having a standard
deviation that varies with projected radius as shown
by the blue curve in Extended Data Fig. 1. Each
realisation of the GRF spans a rectangular area of
size 1000×1000 pixels (8×8 kpc). Imprinting these
GRFs onto the surface mass density of either the
NFW (Figs. 1–3) or PL (Fig. 4) halo having param-
eters as listed in Extended Data Table 1 to obtain

different realisations of our model ψDM lenses, we
then computed deflection angles in each case for a
lensed source at zs = 1.51. The computation of de-
flection angles requires significant computer time on
clusters with large memory capacities, for which we
used Python as well as Fortran with the OpenMP
and MPI packages to take advantage of hybrid (inter-
node and intra-node) parallel-processing techniques
at the High Performance Supercomputing Cluster at
the University of Hong Kong. The calculation of de-
flection angles was carried out on a pixel-by-pixel ba-
sis over a 2-D grid representing the lens plane. Once
the deflection angles are obtained for the entire grid,
the magnifications were calculated in the standard
manner by taking the determinant of the magnifica-
tion tensor. The lensing magnifications thus com-
puted were used to plot critical curves (regions in the
plane of the lensing galaxy corresponding to theo-
retically infinite magnification for background point
sources) and caustics (mappings of the critical curves
onto the source plane, thereby defining the locus of
source positions that appear as images on the critical
curve) for the gravitationally-lensed system.

2.2 Multiply-Lensed Image Configu-
rations

Extended Data Fig. 2 shows a schematic of diamond-
shaped caustics (right column) typical of an elliptical
lens, and the corresponding critical curves (left col-
umn). As mentioned earlier, a source located on the
caustic will produce an image on the critical curve.
By comparison, a source located near the cusp of a
caustic (panel b) will produce (see panel a): (i) a
highly-magnified triplet straddling the critical curve;
(ii) a more weakly magnified image on the opposing
side of the lensing galaxy that lies well within the
critical curve; (ii) a demagnified image near the lens
centre that is oftentimes undetectable (and therefore
not shown). This lensing configuration was used to
generate the multiply-lensed images shown in Fig. 2
and is the lensing configuration considered in mak-
ing Fig. 3. On the other hand, a source located near
the fold of a caustic (panel d) will produce (see panel
c): (i) two highly-magnified and closely-separated im-
ages straddling the critical curve; (ii) two other more
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Extended Data Figure 2: Cusp and fold con-
figurations. In the image plane, dots indicate
multiply-lensed image positions of a compact back-
ground source. Four images are distributed around
an elliptical critical curve corresponding to the Ein-
stein ring of the foreground lensing galaxy; a fifth
image located near the lens centre as indicated by a
× is not plotted as it is both demagnified and usually
undetectable against the lensing galaxy. In the source
plane, a solitary dot indicates the position of the
source located near a diamond-shaped caustic, which
encloses the region that gives rise to five lensed im-
ages; if located along the caustic, two of these lensed
images merge to appear at the critical curve. a,b
Source located near a cusp of the caustic, giving rise
to an image configuration whereby the three most
closely-separated images are the most highly magni-
fied. c,d Source located near a fold of the caustic,
giving rise an image configuration whereby the two
most closely-separated images are the most highly
magnified.

weakly-magnified and well-separated images lying in-
side and outside the critical curve respectively; and
(iii) a demagnified image near the lens centre (again
not shown).

Extended Data Fig. 3a shows a portion of the caus-

Extended Data Figure 3: Caustics. Close-up
around a cusp of the caustic for a %DM versus ψDM
halo that both have the same global profile (see Ex-
tended Data Table 1). Colours indicate lensing mag-
nification (brighter for higher magnification) imposed
onto the brightest of the multiply-lensed images de-
pending on where the source is located. a, The sim-
ple and smooth caustic (white loci) of a %DM halo,
for which the fine striations are computational arte-
facts. b, The complex caustic of a ψDM halo with
many branching micro-caustics, for which the finest
striations are again computational artefacts. Black
rectangles bound the same region in the source plane
near a cusp of the caustic, within which we placed
a source at seventy-five different locations to mimic
ψDM halos created using seventy-five different GRF
realisations (to save computation effort and time) for
computing the positional and brightness anomalies in
Fig 3.

tic corresponding to the critical curve plotted in
Fig. 2a for a model %DM lens. By comparison, Ex-
tended Data Fig. 3b shows a portion of the caustic
corresponding to the critical curve plotted in Fig. 2d
for a model ψDM lens having the same global den-
sity profile as the model %DM lens. The caustic of
the ψDM lens is much more complex than that of
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a %DM lens, reflecting the complex perturbations in
the critical curve caused by random fluctuations in
the surface mass density of the ψDM lens.

2.3 Brightness and Position Anoma-
lies

To mimic compact features such as quasi-stellar ob-
jects (seen in the optical or infrared) or jets from
active supermassive black holes (commonly seen at
radio wavelengths) in lensed background galaxies, we
adopt Gaussian profiles for these feature (as is com-
mon practice in initial source modelling) with a full
width at σ of 2.5 pc. Placed at a redshift zs = 1.51,
the intrinsic angular size of the source is therefore
0.3 mas.

As lensing preserves surface brightness, the bright-
ness of each lensed image can be derived by calcu-
lating the ratio of the image area to the original
source area, or by simply taking the value of the
magnification at the pixel coordinate corresponding
to the image centroid (for small lensed images). As
we simulate small sources, our lensed images are also
small (verified through visual inspection of individ-
ual cases) and so for simplicity we use the latter ap-
proach. In rare cases, however, it is possible for more
than the number of images predicted in Extended
Data Fig. 2 to form owing to the complex caustics –
comprising a large number of micro-caustics as evi-
dent in Extended Data Fig. 3b – of ψDM halos. Many
of these ‘extra’ images are very faint, so in some cases
it is possible to appropriately select just the bright-
est images in accordance with the predictions of Ex-
tended Data Fig. 2, but when it is not possible to
do so, we simply excluded source positions that gave
rise to this situation and chose alternative source po-
sitions.

Because random fluctuations in the surface mass
density fields of ψDM halos are inherently indeter-
ministic, we need to generate multiple GRF realisa-
tions all having the same λdB (corresponding to a
particular halo and boson mass as defined by Eq. 1)
to capture the full range of deflections that such
a halo can make in both the positions and bright-
nesses of multiply-lensed images. While we gener-
ated seventy-five different GRF realisations all having

λdB = 180 pc to explore the range of deflections pos-
sible in Fig. 4, repeating this exercise for each of the
λdB considered in Fig 3 along with the calculation of
deflection angles for each the corresponding GRF re-
alisation of the model ψDM lens is too prohibitively
expensive computationally. Instead, to make Fig 3,
we generated a single GRF having a particular λdB

and varied the position of the source over a small
region near the cusp of a caustic enclosed by the
black rectangle in Extended Data Fig. 3. This prac-
tise is commonly adopted in the literature38 to save
computational time, and assumed implicitly to give
similar results as independent GRF realisations for
the model ψDM lens. Here, we show explicitly the
close equivalence of these two methods. Extended
Data Fig. 4 shows the distribution in position (panel
a) and brightness (panel b) anomaly generated by
seventy-five different GRF realisations of the model
ψDM lens (having λdB = 180 pc) and a fixed position
for the lensed source, to be compared to a single GRF
realisation of the model ψDM lens and varying the
position of the source over seventy-five different loca-
tions in the region enclosed by the black rectangle in
Extended Data Fig. 3. The distributions in both po-
sition and brightness anomalies computed using the
two approaches have similar medians, but those based
on a fixed source lensed by the seventy-five different
GRF realisations of the model ψDM lens have slightly
elevated tails toward higher values in both position
and brightness anomalies.

3 The system HS 0810+2554

3.1 %DM Lens Model

The system HS 0810+2554 comprises a foreground
early-type galaxy43 at a redshift of zl = 0.89 that
gravitationally lenses different components of a back-
ground galaxy at a redshift of zs = 1.51, generat-
ing four detectable images of each component. These
components comprise a quasi-stellar object (QSO) at
optical/near-IR wavelengths, for which the individual
lensed images are spatially unresolved even in obser-
vations39 with the Hubble Space Telescope (HST),
and a pair of jets at radio wavelengths for which each
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jet is spatially resolved in observations33 using the
European VLBI network that employs the method
of Very Long Base Interferometry (VLBI). Owing to
present uncertainties in registering optical and radio
reference frames that amount to a few 10 mas, both
sets of quadruply-lensed images at optical and radio
wavelengths cannot be used simultaneously to inform
lens models. Because the images at radio wavelengths
provide eight positional constraints whereas those at
optical wavelengths provide only four, along with the
much higher precision at which the image positions
of the radio jets have been measured compared with
those for the optical QSO, we used the positions of
the quadruply-lensed pair of radio jets for informing
lens models just like Ref. 33. While it also is possi-
ble to use the brightness of the radio jets measured
individually as constraints, like Ref. 33 we chose not
to do so as the brightnesses of the radio jets may not
have been fully recovered owing to the lack of suffi-
ciently short baselines in the EVN observations. The
ability of the lens model thus constructed to repro-
duce the observed brightnesses of the multiply-lensed
images in HS 0810+2554, informed only by the posi-
tions of these images, thus provides a measure of its
reliability.

Ref. 33 constructed a %DM lens model for
HS 0810+2554 using a single isothermal ellipse (SIE)
with and without external shear, finding that their
lens model without external shear provided a some-
what better fit albeit still leaving positional anoma-
lies among images of the radio jets. To make a
broader assessment of how well %DM lens mod-
els can reproduce the multiply-lensed images seen
in HS 0810+2554, we used the software algorithm
glafic 44. This algorithm permits various analytical
profiles for galaxy halos (e.g., NFW, PL, SIE, and
Jaffe profiles), along with additional components to
mimic external shear as well as higher-order pertur-
bations. To find the best-fit model, we tried various
analytical profiles with all parameters including their
centers set free, and allowed for external shear; in
each case, the best-fit model was evaluated by min-
imising the reduced-χ2 based on differences between
the predicted versus observed image positions of the
radio jets. In this way, we found an elliptical PL pro-
file with no external shear, the parameters for which

are listed in Extended Data Table 1, to provide the
best fit.

Fig. 5a shows the image positions of the radio jets
predicted by our best-fit %DM lens model (crosses)
versus those observed (ellipses), along with the Ein-
stein ring for a lensed source at zs = 1.51 (repeated
from Fig. 4, which provides a magnified view, for
ease of comparison). Fig. 5b shows the correspond-
ing model-predicted source positions of the pair of
radio jets, along with the caustics of our best-fit
%DM lens model. As can be seen, even our best-
fit %DM lens model leaves position anomalies among
the multiply-lensed images. The magnitude of this
position anomaly, A, for our best-fit %DM lens model
spans the range 15–26 mas, similar to that reported
by Ref. 33.

As explained above, the best-fit model %DM lens
that we constructed is informed by the image po-
sitions of the quadruply-lensed pair of radio jets,
which have 1σ measurement uncertainties in their po-
sitions of typically 1 mas (and no larger than 4 mas)
as reported by Ref. 33. These position uncertain-
ties translate to tolerances in the individual param-
eters of the model %DM lens, that in turn translate
into uncertainties in the model-predicted image posi-
tions of each radio jet. To estimate the uncertainties
in the model-predicted image positions, we employ
a Markov chain Monte Carlo (MCMC) method us-
ing glafic 44 by providing Gaussian priors centered on
the best-fit model parameters: 2-D position of the
centre, ellipticity, position angle, power law-index,
and Einstein radius of the lens. Out of 50,000 re-
alisations with a 0.214 acceptance rate, we were left
with 10,700 realisations. To exclude likely unphys-
ical outliers among acceptable realisations, we se-
lected only those having parameters that are simul-
taneously within the top 68% (1σ) of their respective
probability distributions, thus leaving 1728 possible
combinations of lens model parameters that satisfy
the image positional constraints given their measure-
ment uncertainties. Extended Data Fig. 6 shows the
joint posterior probability distribution for different
pairs of model parameters (contours), as well as the
joint posterior probability distribution for each model
parameter separately (histograms). The tolerances
thus computed in the model %DM lens give rise to
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uncertainties in the image positions of the individ-
ual radio jets with standard deviations, σtol, ranging
from 1.2–3.2 mas, comparable with the measurement
uncertainties for the actual image positions of the in-
dividual radio jets. The crosses plotted in Fig. 4 and
Extended Data Fig. 5a have arm lengths of ±3σtol.
The position anomalies left by our best-fit %DM lens
model are therefore significantly larger than the mea-
sured and model-predicted positional uncertainties
combined.

Registering the optical and radio reference frames
using the coordinates for both images as reported
(i.e., without introducing any arbitrary shift be-
tween these frames), we find that the source position
that best reproduces the measured positions of the
quadruply-lensed images of the optical QSO – if we
require it to lie between and along a line connecting
the source positions of the radio jets, as would be
expected – is about one-third closer to one jet than
the other, as shown by the black cross in Extended
Data Fig. 5b. This configuration is commonly seen for
core-jet systems, where the optical QSO comprises
the core, owing to Doppler boosting that brightens
one jet but dims the opposing jet. The correspond-
ing quadruply-lensed image positions of this QSO is
shown by the black crosses in Extended Data Fig. 5a,
for which their arm lengths are ±3σtol as before.

Extended Data Figure 4: Position and
brightness anomalies computed using two ap-
proaches. Probability distribution in a, position
and b, brightness anomalies generated by: (i) im-
printing 75 different GRF realisations having λdB =
180 pc onto the %DM lens of Fig. 2 to create a suite
of ψDM lenses, and then generating multiply-lensed
images for each ψDM lens by placing the source at a
fixed location (dashed curves); versus (ii) imprinting
a single GRF realisation having also λdB = 180 pc
onto the %DM halo, and generating multiply-lensed
images by placing the source at seventy-five differ-
ent locations within the black rectangle shown in Ex-
tended Data Fig. 2 (solid curves). Blue curves are for
pure ψDM halos, whereas red curves are for ψDM
halos having density modulations damped by 50% to
include a baryonic component. The probability dis-
tributions computed using the two approaches have
similar medians, but those based on a fixed source
lensed by the 75 different GRF realisations of the
model ψDM lens have slightly elevated tails toward
higher values.
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Extended Data Figure 5: Predictions of best-
fit %DM lens model for HS 0810+2554. a, Im-
age positions of the quadruply-lensed pair of radio
jets (red and blue crosses) and optical QSO (black
crosses) predicted by our best-fit %DM lens model.
Their observed image positions are indicated by the
corresponding circles. Large black ellipse is the Ein-
stein ring of our lens model at the redshift of the
lensed source. b, Source positions for the pair of
radio jets (labelled R1 and R2, respectively, for the
blue and red crosses) and optical QSO (labelled C).
The QSO is assumed to correspond to the core of the
radio jets, and therefore lie along a line connecting
these jets. Our best-fit lens model requires the core
to be closer to radio jet R1 than R2, and all to be
located near the caustic.

3.2 ψDM Lens Model

We constructed a suite of ψDM lens models for
HS 0810+2554 by imprinting 75 different GRF reali-
sations onto our best-fit %DM lens model for this sys-
tem having parameters as listed in Extended Data
Table 1. The manner by which the standard devia-
tion of the GRF changes with radius from the centre
of a PL halo is shown in Extended Data Fig. 1 (red
curve); near the Einstein radius, the trend is sim-
ilar to that for a NFW profile (blue curve) having
an identical Einstein radius. Thus, to avoid unnec-
essary computational effort and time, we used the

same GRF realisations as constructed specifically for
the NFW profile. The standard deviation of these
GRFs was damped by 50% to allow for a correspond-
ing fractional baryonic mass of 7.6% Mh within the
Einstein radius, as would be provided by an elliptical
galaxy described by a Sérsic profile with an index of
n = 4, half-mass radius of 1 kpc, and an ellipticity
of 0.2 like that of its ψDM halo (see Extended Data
Table 2).

Based on this suite of model ψDM lenses and the
source positions for the radio jets and optical QSO
as inferred from our best-fit %DM lens model (shown
in Extended Data Fig. 5b), the image positions pre-
dicted for the radio jets and optical QSO are shown
by the dots in Fig. 4a–d. The uncertainty in their
predicted image positions is similar to that for the
predicted image positions of the model %DM lens as
indicated by the cross lengths. As can be seen, unlike
for our best-fit model %DM lens, the image position
predicted by a given realisation of the model ψDM
lens (having the same global density profile as the
%DM lens) can agree with its observed position.

Data availability

The data for the plots within this paper and other
findings of this study are available upon reasonable
request.

Code availability

The code that generated the data for the plots
within this paper and other findings of this study
are available upon reasonable request.
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Extended Data Figure 6: Posterior probability distribution function for the parameters of our
best-fit %DM lens model for HS 0810+2554. Histograms showing distribution in parameter values
for each of the six parameters describing the PL model derived from a MCMC analysis. Each parameter
exhibits a distribution in values that can be closely described by a Gaussian having a mean and ±1σ ranges
as indicated by the dashed lines. Contour plots with contour levels plotted at the 1σ, 2σ, and 3σ indicate the
correlation between pairs of model parameters. Some of these parameters, like those between the ellipticity
and y-position of the lens centre, exhibit strong correlations and therefore degeneracies. The distributions
in parameter values were used to estimate uncertainties in the predicted positions of the multiply-lensed
images in HS 0810+2554 as indicated by the crosses in Fig. 4.
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Supplementary
Information

Additional tests of ψDM lens model for
HS0810+2554. In the main text, we described
three tests for assessing whether a ψDM lens is re-
sponsible for generating the multiply-lensed images
observed in HS 0810+2554: the ability of such a lens
to reproduce the position (Test 1) and brightness
(Test 2) anomalies left by a %DM lens having the
same global density profile for which the results are
shown in Fig. 3, along with its ability to reproduce
the observed image positions of the multiply-lensed
sources (Test 3) for which the results are shown in
Fig. 4. In the following, we describe three additional
and independent tests that supplement the above
tests.

Test 4: Pair separations. This test considers each
image pair in HS 0810+2554 together, by contrast
with Test 3 that considers each image separately.
Specifically, for each set of the quadruply-lensed
images, we consider the separation between the pair
of radio jets, referred to as the pair separation R1-R2
(see labelling in Extended Data Fig. 5). In addition,
we also consider the separation between the optical
QSO and each individual radio jet, referred to as
R1-C and R2-C. Histograms in Extended Data
Fig. 7 show the image pair separations for each of
the four sets of multiply-lensed images predicted
by our model ψDM lens. Like for the position and
brightness anomalies (Fig. 3), the model-predicted
pair separations span a range owing to different
patterns of random fluctuations in the surface mass
density arising from the different realisations of the
model ψDM lens. By comparison, the dashed black
lines indicate the pair separations predicted by our
best-fit model %DM lens, and the red lines the actual
observed pair separations. Whereas the %DM lens
model leave anomalies in pair separations just like
those in positions (Test 1) and brightnesses (Test 3),
the pair separations predicted by the ψDM lens
model encompass the observed separations. More-
over, the ψDM lens model predicts a preferred pair
separation in all four sets of multiply-lensed images

such that, in the majority of cases, the median pair
separations are in good or close agreement with
those observed.

Test 5: Pair brightness ratios. Another im-
portant challenge for lens models is their ability to
correctly predict the ratio in brightnesses of the ob-
served lensed images, in particular when the relative
brightnesses of lensed images are not used to con-
strain the lens model – as is the case here. In the
case of the radio jets in HS 0810+2554 as observed
by Ref. 33, there is a possibility that the brightnesses
of individual radio jets may not have been fully re-
covered owing to the lack of short baselines in the
EVN observations. Thus, in this particular instance,
the pair brightness ratio test may not be as precise
as the pair separation test (Test 4) for the radio jets.

Extended Data Fig. 8 shows the ratios in flux
densities between the two radio jets in each of the
four sets of multiply-lensed images as are observed
(red line), versus those predicted by our best-fit
model %DM lens (back dashed line) and the suite
of model ψDM lenses (histogram). Both the %DM
and ψDM lens models are able to correctly predict
the observed brightness ratios of the radio jets
comparably well for images A and D (see Fig. 4
for how the four sets of multiply-lensed images are
labelled), whereas the prediction of the ψDM lens
model is superior to that of the %DM lens model for
image C and, especially, image B.

Test 6: QSO Brightness anomalies. Unlike the
image brightnesses of the radio jets as measured in
the EVN observation, the image brightnesses of the
optical QSO are reliably measured in the HST ob-
servation. As the overall geometry of the quadruply-
lensed images in HS 0810+2554 indicates a configura-
tion between between a cusp and a fold (see Extended
Data Fig. 5), in Extended Data Fig. 9 we plot the
measured brightness anomalies (red lines) of the QSO
for both configurations. The brightness anomaly for
a cusp configuration has already been defined in the
main text, whereas that for a fold configuration is
defined as Rfold = µ1+µ2

|µ1|+|µ2| , where µ1 > 0 and µ2 < 0

correspond to the most closely separated and also the

xxv



most highly magnified image pair. The brightness
anomaly predicted by our best-fit %DM lens model is
shown by the black histogram, which is generated by
moving the source around such that its image posi-
tions change over the range ∼10–30 mas (depending
on a particular image, with the range corresponding
approximately to the precision in registering the op-
tical and radio reference frames). Treated either as
a cusp or a fold configuration, the measured bright-
ness anomaly is in strong tension with that predicted
by our best-fit %DM lens model or, indeed, that of
Ref. 33.

The brightness anomalies predicted by the ψDM
lens model are shown by the broad grey histograms.
Once again, there is a spread in the predicted
brightness anomalies owing to different patterns of
random fluctuations in the surface mass density
arising from the different realisations of the ψDM
lens model. The distribution is roughly symmetric
about zero for the Rfold parameter, but has a
positive skew for the Rcusp parameter for the reasons
mentioned in the main text. Treated as either a
cusp or a fold configuration, the distribution in the
predicted brightness anomaly spans a range that
encompasses, and furthermore when considered as a
cusp configuration peaks at or close to, the measured
brightness anomaly. Note that, in the case of a cusp
configuration, this test also evaluates whether the
lens model correctly predicts that the brightness of
the image within the critical curve is lower (in which
case Rcusp > 0) than the combined brightnesses of
the two images outside the critical curve. Likewise,
for a fold configuration, this test evaluates whether
the lens model correctly predicts that the brightness
of the image within the critical curve is lower (in
which case Rfold > 0) than the brightness of the
image outside the critical curve. When treated as
a fold configuration, the best-fit model %DM lens
does not correctly predict that the image inside the
critical curve is actually dimmer than that outside
the critical curve, a possibility allowed by the ψDM
lens model.

All the aforementioned tests (six altogether)
demonstrate the predictive power of our ψDM lens
model for reproducing the observed positions and

brightnesses of the radio jets and optical QSO in
HS0810+2554 – even though the lens model is in-
formed only by the observed positions of the radio
jets. By contrast, our best-fit %DM lens model and,
where subjected to the same tests, also the best-fit
%DM lens model of Ref. 33 fail nearly all of these
tests. Satisfying all these tests simultaneously pose
as critical challenges for %DM lens models employing
additional ingredients not contemplated here (e.g.,
sub-halos).
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Extended Data Figure 7: Pair separations (Test 4). Histograms indicating angular separations
between two of the lensed components in each of the four sets of multiply-lensed images in the system
HS0810+2554 as predicted by 75 different realisations of our ψDM lens model. All combinations of pair
separations – between the radio jets R1-R2, as well as between the optical QSO and each radio jet R1-C and
R2-C (see labelling in Extended Data Fig. 5) – are shown for each of the four sets of multiply-lensed images
(labelled A-D in accordance with Fig. 4). Dashed black lines indicate the pair separations predicted by our
best-fit %DM lens model, and red lines the actual observed pair separations. Whereas the %DM lens model
leave anomalies in pair separations, the median pair separations predicted by the ψDM lens model are in
good or close agreement with those observed in the majority of cases.
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Extended Data Figure 8: Brightness ratio between image radio jet pairs (Test 5). Histograms
indicating brightness ratio between the pair of radio jets in each of the four sets of multiply-lensed images
(labelled A-D in accordance with Fig. 4) in the system HS0810+2554 as predicted by 75 different realisations
of our ψDM lens model. The brightness ratios predicted by our best-fit %DM lens model is shown by the
dashed black lines, and those actually observed by the red lines. Whereas the smooth and ψDM lens model
are able to correctly predict the observed brightness ratios of the radio jets comparably well for images A
and D, the prediction of the ψDM lens model is superior to that of the %DM lens model for image C and,
especially, image B.
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Extended Data Figure 9: Brightness anomalies for optical QSO (Test 6). Grey histograms in-
dicating brightness anomalies for the quadruply-lensed optical QSO in HS0810+2554 as predicted by 75
different realisations of our ψDM lens model. Narrow black histograms show the corresponding brightness
anomalies predicted by our best-fit %DM lens model, whereas red lines indicate the measured brightness
anomaly. a, Treated as a cusp configuration, the brightness anomalies correspond to that for the three
most-closely separated multiply-lensed images (Images A–C in Fig 4). b, Treated as a fold configuration,
the brightness anomalies correspond to that of the two most-closely separated multiply-lensed images (Im-
ages A–B in Fig 4). The distribution in the predicted brightness anomaly spans a range that encompasses,
and when considered as a cusp configuration peaks at or close to, the measured brightness anomaly. When
treated as a fold configuration, the %DM lens model does not correctly predict that the image inside the
critical curve is actually dimmer than that outside the critical curve, a possibility allowed by the ψDM lens
model.
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