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Comparison with dark matter models

We have tested 23 models for the mass density profiles of detection V. Here, we discuss
in more detail the implications of its inferred structure for the nature of dark matter,
assuming that it is a dark matter-dominated object. Given the area of sky probed
by the data, Powell et al. [1] have estimated the probability of detecting at least one
subhalo with a mass between 10° My and 107 Mg to be 0.65 and 0.14, for CDM and
for WDM with mam = 4.6 keV, respectively. Hence, detecting such an object is not a
priori unlikely. However, we find that in CDM or WDM models, its predicted structure
is incompatible with that inferred for our VLBI detection (see Extended Data Figure
2).

The NFWgeq halo has a fitted concentration of logcy;, = 2.91 £ 0.09. A CDM
NFW halo with a mass and redshift consistent with our analysis (M, ~ 2.9 x 106M,
and z ~ 1.4) is expected to have a virial concentration of logecyi, = 1.10 & 0.15 [2]
or log cyiy = 1.04 £+ 0.09 [3], depending on the assumed concentration-mass relation.
Hence, the mean log inferred value is 10 or 140 larger than the median of the lognormal
distributions predicted by N-body simulations; here ¢ is the sum in quadrature of the
uncertainty on the inferred value and the scatter in the lognormal relations. Similarly,
the NFW subhalo model has a logec, = 7.25 4+ 0.17, which is 200 larger than the
median value of loge, = 3.90 & 0.02 [4] predicted for a subhalo with a peak circular
velocity of Vipax = 7.98 km s™! and peak radius ry.« = 24 pc at z =0.881.

To quantify the statistical level at which the CDM model is incompatible with the
data, we consider two extra models, NFWgpn gela and NEFWepy. The former has a
free redshift and ¢y drawn from a lognormal distribution with median and scatter
taken from numerical simulations [specifically from 2]. The second model assumes the
perturber to be at the same redshift as the lens, and its ryax is drawn from a lognor-
mal distribution with median and scatter taken from [4]. The NFWcpm fela model
prefers a halo at z = 0.883 + 0.028 (this is consistent with the lens redshift within
uncertainties) with My, = (4.04 +0.27) x 10°M, and logcy;, = 2.18 £ 0.04, but
with Aln& = —75. The subhalo model NFW¢py gives a best fit for a subhalo with
Max = (8.13 £ 0.27) x 10° M, within 7., = 85.0£5.7 pc, but with AIn € = —147. In
both cases, the inferred concentrations are very far out in the high-concentration tail
of the predicted distributions, leading to the models being very strongly disfavoured,
at a level between 12 and 170. We note that the relatively low redshift inferred for
NEWcpu, fela is due to a combination of the redshift dependence of the mass con-
centration relation and the fact that most of the prior volume is at relatively low
concentration values; that is, perturbers at lower redshift can provide a similar lens-
ing effect to higher redshift ones for a smaller and hence more probable concentration
(Tajalli et al. in prep.).

Once a point mass is added to the NFW model, we infer smaller concentrations
for the extended component, logcy = 5.36 + 0.20 at z = zjens and log ¢y = 1.69 £
0.08 at z = 0.925 £ 0.059. These values are nominally 6 and 3¢ larger than the
predicted values for dark-matter-only objects of the same mass and redshift, but a
direct comparison to such predictions is not appropriate. This is because a central black



hole would substantially increase the concentration of a dark matter halo, reducing or
eliminating the conflict with our observational data, and more importantly, because
our inferred black hole masses are much larger than is plausible in CDM haloes of such
low mass, which, in addition, are not even expected to form stars. Ultimately, however,
all variations of the NF'W models are highly disfavoured by the data when compared to
the best-fitting UD+PM model. Hence, we conclude that if our detection is confirmed
to be dark-matter dominated, it will rule out CDM at a statistical level between 8
and 170, and WDM with even higher significance, increasing with decreasing particle
mass.

Existing gravothermal fluid models [e.g. 5], semi-analytical models [e.g. 6, 7] and
N-body simulations [e.g. 8] indicate that SIDM haloes can have density profiles with
super-isothermal slopes in their inner regions once they are deep in the core col-
lapse phase of their evolution. To investigate whether the properties of detection V
are consistent with SIDM expectations, we focus on the gravothermal fluid model by
[5]. Specifically, we fit the mass density profile at the latest available time for their
n = 3.7 model (their Figure E1) and derive from it the corresponding projected “circu-
lar velocity” profile, defined as Vo(x)/Vimax = 0.61\/Mcyi(z)/(psr3z), with 2 = R/rs.
Here ps, s and Vi should be understood to be the parameters of the NFW halo in
the absence of dark-matter interactions. Since fluid models, such as the one considered
here, follow the evolution of idealised haloes decoupled from their cosmological con-
text, these NFW equivalent parameters are independent of time. This is in contrast
to “real” CDM haloes that grow substantially in time through accretion and merg-
ing. However, we know of no cosmological SIDM simulations with spatial resolution
adequate for comparison with the VLBI data. Hence, we cannot determine how the
structure of an SIDM halo with mass as small as detection V has been affected by the
fact that it has assembled progressively with time rather than being present, effectively
in isolation, since some early epoch. We therefore take Vinax and rpax (equivalently
ps and 75) to be the values for a z = 0.881 CDM analogue, which we assume to have
evolved in isolation for the Hubble time at redshift z. This is likely to overestimate the
structure modification due to self-interactions, so the cross-sections needed to match
the observation can be taken as lower limits on those needed in a more realistic halo
assembly model.

Our best-fitting model, UD+PM, is most robustly constrained at a radius of 90
pc, with V¢(90 pc) = 7.47 + 0.12 km s~!. Extended Data Figure 3 shows circular
velocity profiles for SIDM haloes with differing masses, together with those of their
CDM analogues. The mass-concentration relation of the latter is assumed to be given
by the median estimated by [2] at z = 0.881. We find that an SIDM profile will have
V. at 90 pc matching the observed value if its CDM analogue has Vi.x = 4.80 km
s™! and 7max = 0.60 kpc. Assuming this halo has been evolving for the age of the
Universe at z = 0.881 and adopting the normalising time-scale by [5] gives a lower
limit on the effective cross-section of o¢ o/Mmam = 796 cm? g=!'. We caution, however,
that this number is proportional to V.. 272 and so is very sensitive to the assumed
Vinax—Tmax T€lation and its scatter.

Looking more closely at Extended Data Figure 3, it can be seen that the theoretical
SIDM profile is not a good match to that inferred from the observations; its mean



slope over the observationally well-determined range is significantly shallower. Soon
after the time shown, the SIDM model will form a black hole, which will then grow
rapidly through Bondi accretion, potentially reaching masses similar to that of the
central component of our UD+PM model. Unfortunately, however, there are no reliable
calculations of this initial black hole growth phase, and so, no detailed predictions
of the post-collapse Mcy1(R) that we can compare with the data. The discrepancy in
slope between our observations and the predictions from [5] may be related to the
fact that their profile is that of an idealised isolated SIDM halo that is still in the
long-mean-free-path stage of its evolution. Gad-Nasr et al. [9] have simulated even
later (but still pre-collapse) phases, where the inner regions are deep into the short-
mean-free-path regime. Their work offers some indication that it may be possible
to achieve profile shapes similar to those required observationally for appropriately
chosen velocity-dependent cross-sections. Verifying this must await simulations, which
can follow evolution through black hole formation and the subsequent Bondi accretion
phase. Only then will it be possible to tell whether objects with the structure observed
for detection V can form naturally in a SIDM-dominated Universe, and, if so, what
parameters this requires for the scattering cross-section.

Comparison with GCs and UCDs

In the mass range relevant for our main lens, the number of globular clusters (GCs) in
a galaxy is expected to be significant and, in some cases, comparable to the number of
dark matter subhaloes and field haloes [10]. The lens galaxy in the gravitational lens
system JVAS B1938+666 is an early-type that has a stellar mass within the Einstein
radius of 4.7x10°M [11], which implies a total number of GCs around 250 [10].
Assuming that the spatial density of the GCs follows a Sérsic profile with the same
index and effective radius as the host galaxy [12] and adopting the mass function by
Jordén et al. [13], we estimate a density of about 100 GCs per square arcsec in an
annulus of 5 milli-arcseconds around the lensed images. As a comparison, the expected
number density of subhaloes within the same area and between (10° to 109My) is
(9.46 £ 0.04) x 10° £} arcsec™2 or (1.135 £+ 0.005) x 10* per square arcsec for a dark
matter fraction in substructure of 0.012 [14], where the error reflects the uncertainty
on the total lens mass. Given the lens and source redshifts, field haloes are expected
to be roughly an order of magnitude more numerous [15]. Only a fraction of haloes
and subhaloes are expected to core-collapse and so be detectable through their lensing
effect. Hence, the relative probability of detecting a dark matter halo or a GC and
an ultracompact dwarf (UCD) will depend on the details of the dark-matter model,
on the as-yet unknown fraction of dark matter in subhaloes, as well as on the exact
sensitivity of the data to the presence of each population.

The KG models we use to describe typical GCs are all strongly disfavoured. Those
highest in the ranking are KG,, and KG, which have a very similar Aln & of —52 and
—53, respectively. The characteristics of these two models that are best constrained are
Mey1,00 =~ 10¢ Mg and r. ~ 10 pc. Although rare, Milky Way GCs exhibiting similar
properties exist, the closest example being NGC 2419, a GC located in the distant
Galactic halo [16]. In fact, according to the Baumgardt catalogue of Milky Way GCs,
NGC 2419 has a current mass of ~ 8 x 10> My, (and an initial mass, decreased by



internal dynamical processes, of 1.4 x 10 M) and a core radius of 8.3 pc. The KGiq
model is even more strongly disfavoured, and has a concentration that is very small
for a GC of its mass (see Extended Data Figure 1, panel (a)). Massive clusters tend
to have shorter internal dynamical timescales ([see e.g., 17]), which favours evolution
of the cluster structure towards higher concentration (as shown by the trend in panel
(a) of Extended Data Figure 1). To be this massive yet with such low concentration,
a cluster would have to be born already extended [lower stellar density implies longer
dynamical timescales, 18]. The closest example to this case is once again NGC 2419,
which has the longest relaxation time at the half-light radius [17] among all Milky
Way GCs. Our KGyq model is even less concentrated than this exceptional cluster.

It is worth noting that a recent exploration of resolved Milky Way GCs has con-
firmed that the structural parameters recovered with the unprecedentedly deep Fuclid
photometry are in good agreement with previous studies based on brighter, more
massive stars. Even including stars with a mass as low as 0.16 Mg, deviations from
standard King models only become mildly relevant in the outermost regions, close to
the cluster tidal radius [19]. This can affect the size of the tidal radius only by up to
20%. Given all these considerations and the fact that the KGiq and KG models are
both strongly disfavoured by the data (although at very different levels), we deem it
highly unlikely that the object under study is a GC, even if its recovered properties
are not completely out of the range of those observed in the Milky Way.

UCDs were discovered in the early 2000s [20-22] as a new class of object whose
properties lie between those of GCs and dwarf galaxies: their effective radii span an
approximate range between 10 and 100 pc, they have stellar masses between 10% and
108 M), and typical luminosities of L ~ 107 L, [e.g. 23-26]. They are some of the most
compact stellar systems currently known, and even though they were initially discov-
ered in galaxy clusters, they have since been observed in lower-density environments
also [27]. Different mechanisms have been proposed for the formation of different sub-
groups of UCDs [e.g. 27-29]. According to one of these scenarios, some UCDs arise
from the tidal stripping of dwarf galaxies; what is observed today is then the rem-
nant stellar core of the parent object [e.g. 22, 30-34]. This hypothesis is supported
by observations in the local Universe of UCDs with extended envelopes (eUCDs) and
tidal features, as well as with a central super-massive black hole. Single-component
profiles, such as a King, a Sérsic or a de Vaucouleurs profile, describe well the light
distribution of regular UCDs. However, in the case of eUCDs, they assume extreme
parameters, such as poorly bounded tidal radii and very large concentrations (~ 3) for
a King profile, and large indices of around 8 for a Sérsic profile [35]. This behaviour
is similar to that displayed by our KG and SER models. As shown in panel (b) of
Extended Data Figure 1, if we assume that the total mass of the SER model is in stars,
the object under study has a size and mass which lie on the edge of the distribution
of these properties for eUCDs in the Virgo Cluster.

Our profile modelling for detection V strongly supports an additional unresolved
central component, however, and such a structure is much more compatible with the
properties of a subset of UCDs that contain a compact nuclear star cluster (NSC).
For example, our top model in the ranking (UD+PM) has a mass and a size entirely
consistent with the nucleated UCD population in the Virgo cluster (see the black



symbol in panel (b) of Extended Data Figure 1). Moreover, the inferred ratio between
the masses of the two components is consistent with observations of the inner regions
of at least some UCDs hosting a NSC [36]. The starkest inconsistency between the
properties of our favoured model and those observed in UCDs is the sharp mass cut-
off beyond 90 pc, as shown in panel (a) of Supplementary Figure 1. This is challenging
on astrophysical grounds, but could be due to the limitations of the macro-model
for the main lens on these small angular scales, or to some unmodelled line-of-sight
process affecting the radio data. The latter seems less likely given the observed surface
brightness distribution of the gravitational arc. UCDs and eUCDs have so far been
observed only within galaxy clusters, which may also disfavour this interpretation.
Ultimately, only a meaningful limit on the luminosity of detection V could provide a
more definitive indication of its nature. If no stars were to be detected, it cannot be
a UCD, since such objects are gravitationally dominated by their stars. However, this
is beyond the reach of current optical and near-IR observing facilities.

Cylindrical mass profile

Supplementary Figure 1 displays the cylindrical mass profiles for most tested models.

Posterior distributions

Supplementary Figures 2 to 24 display the posterior distribution for the parameters of
all the mass density profiles tested for detection V. Note that in most of these plots,
we use the projected mass within 90 pc as the amplitude parameter because it is very
well constrained and almost independent of the other parameters.
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Supplementary Figure 1 Cylindrical mass profiles. Panel (a): cylindrical mass profiles for the
uniform disk plus point mass and Sérsic models. Panel (b): cylindrical mass profiles for the Pseudo-
Jaffe models. Panel (c): cylindrical mass profiles for the NFW models with a redshift consistent
with that of the main lens. Panel (d): cylindrical mass profiles for the power-law models. Panel (e):
cylindrical mass profiles for King models. We do not plot the KG model because it is indistinguishable
from the KGo one at this plotting scale. Panel (f): cylindrical mass profiles for the profiles with the
redshift as a free parameter. In all panels, the vertical lines represent the 20 and 90 pc radii, which
are also where the different models agree most closely. The horizontal lines are the corresponding
values of My for the UD+PM model. In the legends, models appear in order of decreasing Bayes
factor. The uncertainty bands represent the 1-o confidence interval around the mean.
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Supplementary Figure 2 Posterior distributions for the parameters of the uniform disk
plus point-mass model. The contours represent the 1- and 2-o confidence regions.
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Supplementary Figure 3 Posterior distributions for the parameters of the Sérsic plus
point-mass model. The contours represent the 1- and 2-0 confidence regions.
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Supplementary Figure 4 Posterior distributions for the parameters of the Sérsic model.
The contours represent the 1- and 2-o confidence regions.
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Supplementary Figure 5 Posterior distributions for the parameters of the Plummer
plus point-mass model. The contours represent the 1- and 2-o confidence regions.
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Supplementary Figure 6 Posterior distributions for the parameters of the Pseudo-Jaffe
plus point-mass model. The contours represent the 1- and 2-o confidence regions.
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Supplementary Figure 7 Posterior distributions for the parameters of the Pseudo-Jaffe
model. The contours represent the 1- and 2-o confidence regions.

12



A0

06

%3

02

bPL-+PM

160

08

Q08

o

IS

0

2 Q| OO

O O o o /)
@O N A/

\3

2

RS

S ® = = =
3 2 2 3 S
= 5 & - -
° s S [od] 9

[Dasore]x

0.6

0.4
0.2

20
10

]

” -
[P 01N
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Supplementary Figure 9 Posterior distributions for the parameters of the broken power-
law model. The contours represent the 1- and 2-0 confidence regions.
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Supplementary Figure 10 Posterior distributions for the parameters of the power-law
plus point-mass model. The contours represent the 1- and 2-o confidence regions.
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Supplementary Figure 11 Posterior distributions for the parameters of the elliptical
power-law plus point-mass model. The contours represent the 1- and 2-o confidence regions.
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Supplementary Figure 12 Posterior distributions for the
model. The contours represent the 1- and 2-o confidence regions.
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Supplementary Figure 16 Posterior distributions for the parameters of the NFW model.

The contours represent the 1- and 2-o confidence regions.
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Supplementary Figure 17 Posterior distributions for the parameters of the NFW¢py
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NFW plus point mass model. The contours represent the 1- and 2-o confidence regions.
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Supplementary Figure 19 Posterior distributions for the parameters of the free-redshift
NFW model. The contours represent the 1- and 2-o confidence regions.
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Supplementary Figure 20 Posterior distributions for the parameters of the free-redshift
NFWcpy model. The contours represent the 1- and 2-0 confidence regions.
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Supplementary Figure 21 Posterior distributions for the parameters of the KG., model.
The contours represent the 1- and 2-o confidence regions. The truncation radius is assumed to 7y — co.
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Supplementary Figure 22 Posterior distributions for the parameters of the KG model.
The contours represent the 1- and 2-o confidence regions.
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Supplementary Figure 23 Posterior distributions for the parameters of the KG4 model.
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Supplementary Figure 24 Posterior distributions for the parameters of the point mass
model. The contours represent the 1- and 2-o confidence regions.
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