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Strong-lensing perturber signatures in self-interacting
dark matter simulations
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1Department of Physics and Astronomy, University of California, Riverside, California 92521, USA
2Department of Astronomy and Astrophysics, University of California, San Diego,
La Jolla, California 92093, USA

® (Received 3 October 2025; accepted 14 July 2026; published 4 August 2026)

Motivated by recent detections of low-mass perturbers in strong gravitational lensing systems, we
investigate analogs of these objects in the Concerto suite, a set of cosmological N-body zoom-in simulations
of self-interacting dark matter (SIDM) with high-amplitude, velocity-dependent cross sections. We
investigate characteristic halo properties relevant to gravitational imaging measurements, focusing on the
projected enclosed mass and the central density slope. In SIDM, these quantities evolve continuously
through gravothermal processes, spanning core-expansion and core-collapse phases, in sharp contrast to
cold dark matter, where they remain nearly static after halo formation. This SIDM evolution further
depends on tidal environment and merger history, which can be probed through strong lensing. We also
identify simulated SIDM halos whose properties are consistent with the properties of low-mass perturbers
inferred from recent observations, and we demonstrate that the core-collapse mechanism offers a
compelling explanation for their observed high densities. Our results highlight the potential of strong
gravitational lensing as a powerful probe of dark matter self-interactions.

DOI: 10.1103/xrgk-1w95

I. INTRODUCTION

One of the important predictions of the cold dark matter
(CDM) framework is that structure forms hierarchically:
smaller structures merge into larger structures and become
substructures [1-3]. Subhalos within a larger dark matter
halo therefore provide a crucial test bed for probing the
nature of dark matter, as its particle properties can signifi-
cantly and distinctly impact predictions for subhalo density
profiles and abundances; well-studied examples include
warm dark matter [4-8] and self-interacting dark matter
(SIDM) [9-17]. The observation or nonobservation of
subhalos with certain properties can provide constraints
on different dark matter models. Thus, the ability to detect
substructure is critical.

Gravitational lensing provides a channel for subhalo
detection that does not depend on the presence of baryonic
matter. In particular, perturbations in magnified images can
probe the mass of perturbers near strong lenses [18-20]. In
theory, such detections depend on the mass of the perturber
enclosed within a specific region and can therefore probe
subhalos at the low-mass end that may not host
galaxies [21,22]. There have been many studies trying to
detect subhalos in different lensing systems [23-41]; see
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Ref. [42] for a review. By comparing the halo properties
predicted by simulations to the properties of observed
perturbers, we can therefore gain insights into alternative
dark matter models. For example, the subhalo perturber of
the strong lens SDSS J0946 + 1006 (J0946) [26] has a
surprisingly high density compared to CDM predictions
[32,35-37,43-45], motivating explanations based on
SIDM models [13,37,38].

SIDM introduces self-interactions between dark matter
particles, driving halos to undergo a two-stage gravother-
mal evolution: core expansion, in which the collisional
thermalization forms a shallow isothermal core, and core
collapse, where the central density rises to match or exceed
that of a CDM halo; see Refs. [46,47] for reviews and
reference therein. Core-collapsed SIDM halos can be
natural candidates for high-concentration lensing perturb-
ers that deviate from CDM predictions, making their
lensing properties a sensitive probe of the SIDM parameter
space. The authors of Ref. [13] performed high-resolution
cosmological simulations of a strong lens-scale system and
indeed found that the core-collapse mechanism can account
for the high density of the J0946 perturber.

In this SIDM scenario, both the cross section amplitude
(69/m) and turnover velocity (w) of Yukawa SIDM
models [46,48] can be constrained. Reference [13]
assumed that 6,/m = 147.1 cm?/g and w = 120 cm?/g.
Reference [49] further used a parametric method [50] to
extend the original study by exploring a wider SIDM model
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parameter space. Together, Refs. [13,49] found that for
6o/m ~70-100 cm?/g and w ~ 100 km/s strong lens
subhalos with masses ~10'"M, can be deeply core
collapsed, resulting in much more compact, dense inner
structures than their CDM counterparts, broadly consistent
with the inferred properties of the J0946 perturber.
Moreover, for velocity-dependent SIDM models, the frac-
tion of core-collapsed halos peaks at a characteristic mass
scale determined by the SIDM cross section [16,51,52],
which can be used to further discern SIDM models using
observations over a wide mass range. In addition, the SIDM
models favored by lensing observations also predict sharply
rising rotation curves in dark-matter-dominated spiral
galaxies [53,54] as well as high densities in small dark
subhalos of mass ~10°~108M capable of perturbing
stellar streams [55,56].

In this work, we present a comprehensive investigation
of simulated analogs for all known strong lensing perturber
candidates detected through gravitational imaging. Besides
J0946, we also include possible perturber detections in
three more gravitational lensing systems: JVAS B1938 +
666 (B1938) [27,33,36,37,57], SDP81 [31],' and
SPT2147-50 [34]. To compare the inferred properties of
these perturbers against theoretical predictions, we explore
the lensing characteristics of halos from the zoom-in SIDM
Concerto N-body simulation suite [16], which incorporates
three velocity-dependent SIDM models and covers a range
of main host halo masses ~10''-10'*M,. We show that
SIDM halos’ projected enclosed masses and logarithmic
density slopes evolve over the course of gravothermal
evolution and compare them with those from CDM
simulations. In particular, the evolution path for core-
collapsed halos can be characterized in two stages, which
are connected by a turnover point that maximizes enclosed
mass within a characteristic inner radius probed by strong
lensing data. We also adopt the perturber models from
recent studies as reference points to search for possible
analogs in the simulations, showing that core-collapsed
SIDM halos can provide a reasonable explanation for all
observed strong lensing perturbers.

The rest of the paper is organized as follows. In Sec. II,
we describe the SIDM Concerto zoom-in simulations, along
with the methods used to calculate projected enclosed
masses and density slopes; we also explore environmental
effects of host systems. In Sec. III, we examine the
evolution of subhalo masses and density slopes, including
case studies that highlight the impact of mergers and tidal
stripping. We show that tidal forces can accelerate grav-
othermal evolution relative to field halos, while mergers
can delay core collapse in field environments. In Sec. 1V,

'A recent study [58] did not confirm the detection of a subhalo
perturber in the SDP.81 system. In this work, we still include it as
a reference case and will remind the reader of the conclusions
from Ref. [58] whenever relevant.

we identify simulated analogs of observed lensing perturb-
ers and discuss modeling uncertainties. Finally, in Sec. V,
we present our discussion and conclusions. Appendix A
provides results based on an alternative concentration
definition. Appendix B presents the median 3D density
profiles and corresponding 1o scatter for simulated
subhalos.

II. DATA AND METHODS

A. Simulations

For this work, we mainly focus on the Group strong lens
analog Halo352 from the zoom-in SIDM Concerto simulation
suite [16], since its host mass is M. = 1.3 X 10'3M®,
which is typical for a strong-lensing system [59,60]. The
Group suite contains three different dark matter models:
CDM, GroupSIDM-70, and GroupSIDM-147, as described
below. The self-interactions are modeled with a differential
scattering cross section [61,62],

do oow*
dcos®  2[w? + v*sin?(6/2)]?’

(1)

where v and € denote the relative velocity and scattering
angle, respectively; oy is the cross section amplitude, and w
is the turnover velocity characterizing the transition from
o x v* to 6 x1v°. The GroupSIDM-70 model assumes
6o/m =70 cm?/g, and the GroupSIDM-147 model
assumes o,/m = 147.1 cm?/g, with both adopting
w =120 km/s. Figure 1 shows the effective cross
section [13,62,63] as a function of the halo maximum
circular velocity V.. for the GroupSIDM-70 (red) and
GroupSIDM-147 (orange) models, along with the V..
range relevant for strong lensing perturbers (shaded gray).
The SIDM simulations employ the viscosity cross section,
defined by weighting the differential cross section in
Eq. (1) with sin® 8; see Ref. [62] for details.

The Group suite has a simulation particle mass of
4x 10°Mg and a Plummer-equivalent softening length
of ¢ =0.24 kpc. We analyze subhalos of the host halo
as well as field halos within a distance of 6 Mpc, where they
are resolved with high-resolution particles. Bound particles
of each halo are identified through an iterative unbinding
procedure, requiring particles to have negative total energy
(kinetic plus potential). For subhalo analyses, we combine
catalogs  from the  ROCKSTAR-PLUS-CONSISTENT-
TREES [64,65] and SYMFIND [66] halo finders to ensure
completeness, following the recommendation of [67].
Virial masses M,;, are defined according to the Bryan-
Norman criterion [68]; for subhalos, only bound particles
are included in the mass measurement.

For the perturber detection associated with B1938, the
Group simulations lack the mass and spatial resolution
necessary to resolve the inner regions of halos that
contribute to the observed lensing signal. To address this,
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FIG. 1. Effective dark matter self-interaction cross sections as a

function of the halo maximum circular velocity in GroupSIDM-
70 (orange) and GroupSIDM-147 (red) models. The shaded
region shows the V.. range derived from the observed strong-
lensing perturber models we consider in this work.

we also analyze SIDM Concerto simulations of a Milky Way
analog (MW) (Halo004, with the CDM counterpart origi-
nally presented in Ref. [69]) and a Large Magellanic Cloud
analog (LMC) (Halo104, with the CDM counterpart in
Ref. [70]); their simulation parameters are summarized in
Table I. When analyzing field halos around these hosts, we
include systems within 3 Mpc of the MW center and
1.5 Mpc of the LMC center, ensuring that only high-
resolution particles are used and contamination from low-
resolution regions is avoided.

While the Group host resides in a large-scale overdense
region of the cosmic environment, the MW and LMC hosts
are located in underdense regions [22,70]. Thus, it is
important to examine how different environments affect
the structural properties of halos in these simulations. We
calculate the effective concentration of simulated halos [63],
defined as

o
— vir 2
et = 121626 )

TABLE 1. SIDM Concerto simulation parameters.

SIDM model

GroupSIDM-70/147
GroupSIDM-147
GroupSIDM-147

Halo

Halo352 (Group)
Halo004 (MW)
Halo104 (LMC)

m, (Mg) € (kpe)

40x 105 024
50x10* 0.11
6.3 x 10>  0.06

Group  CDM (Subhalo) | 103
MW
LMC

10° GroupSIDM-147 (Subhalo)

400

1024 1024

Ceff

10! 4 10! 4

100 100
1034 Group CDM (Field) | 1034
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LMC

<400

10%4 10%4

Ceff

10" 4 10" 4

. . r 100 . . .
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Mpear (M) Mpear. (M)

10°

FIG. 2. Distributions of effective concentration [Eq. (2)] as a
function of peak mass for subhalos (top) and field halos (bottom)
in the Group (circles), MW (pentagons), and LMC (triangles)
simulations, shown for CDM (left) and GroupSIDM-147 (right).
Halos with more than 2000 particles are shown as large filled
markers, and those with 1000-2000 particles are shown as small
open markers.

where r;, is the virial radius and r,,,, is the radius at which
the maximum circular velocity occurs. In the limit of a
Navarro-Frenk-White (NFW) profile [71], 7. =2.1626r,
and the familiar definition of halo concentration,
Cyir = Mir/ Ts» 18 recovered. For SIDM halos in the core-
expansion phase, r.,, can increase mildly, leading to
slightly smaller c.g values than their CDM counterparts.
By contrast, for core-collapsed SIDM halos, r,, can be
significantly reduced, yielding much larger c ¢ values than
in CDM. Hence, the effective concentration is particularly
useful for characterizing core-collapsed halos [63] that are
the main focus of this work.

In Fig. 2, we show the distributions of the effective
concentration of subhalos (top) and field halos (bottom)
with respect to their peak masses in our Group (circles),
MW (pentagons), and LMC (triangles) systems, for CDM
(left) and GroupSIDM-147 (right). The peak mass M,y is
defined as the maximum mass a halo attains over the course
of the simulation. For subhalos, M, typically occurs
before they fall into the host system, whereas for field
halos, it usually occurs at z = 0. We clearly see that SIDM
halos exhibit much larger scatter in c.g at fixed M peqq
compared to CDM. In particular, core-collapsed halos can
reach very high c. values, often exceeding 100. Moreover,
the ce—M ey relation extends smoothly across the four
host masses, indicating that biases from the differing
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environments of Concerto hosts are minimal. For this reason,
we will identify and present analogs of the B1938 perturber
from the LMC system, which has the highest resolution.
We have also verified that the overall results remain
unchanged when using the MW system. In Appendix A,
we repeat the analysis using an alternative definition of halo
concentration and find that our conclusions remain
unchanged.

B. Projected enclosed mass and density slope

Strong lensing measurements can constrain both the
projected enclosed mass M,p, and the projected logarithmic
density slope y,p at a characteristic radius. For J0946,
this radius is R = 1 kpc [32,36]. Motivated by this, we
evaluate M,p and y,p for subhalos in the Group simulations
at R = 1 kpc. For each subhalo, we generate random lines
of sight by rotating particle positions according to Euler
angles 0, ¢, and y. Taking the line of sight as the z-axis and
assuming an axis ratio ¢ = 1 in the x—y plane, the projected
enclosed mass at radius R is obtained by sorting particles
according to their projected positions, R = /x> + y*. The
surface density profile £(R) is then measured by binning
particles in logarithmically spaced radial bins. Finally,
the projected logarithmic density slope is defined as
yop = d log £(R)/d log R, which we evaluate by averaging
over the radial range R = 1 £ 0.25 kpc.

We impose a minimum resolution requirement of 1000
particles per subhalo, corresponding to a mass cut of M >
4 x 103M, in the Group simulations. For each selected
subhalo, we generate 1000 randomized lines of sight and
average the results to suppress numerical noise. The
characteristic radius R = 1 kpc motivated by the J0946
perturber is safely above the resolution limit of 2.8¢ =
0.67 kpc set by the force softening length. For other strong
lensing systems considered in this work, we directly

compare the inferred density profiles of the perturbers
with those derived from our simulations.

III. DENSITY PROFILE MEASUREMENTS

A. Representative examples

In Fig. 3, we show two example subhalos from the Group
simulations in the GroupSIDM-147 and CDM models,
comparing their 3D density, surface density, and projected
enclosed mass profiles (left to right panels). The halo masses
are 2 x 10° M, (solid) and 3.5 x 10°M, (dashed) at z = 0.
The 2 x 10°M, SIDM subhalo is deeply core collapsed, with
its central density reaching 10° M, /kpc?, roughly an order
of magnitude higher than its CDM counterpart. At larger radii
(r > 1 kpc), the SIDM subhalo shows reduced density
relative to CDM, as mass is funneled inward during core
collapse. The surface density and projected enclosed mass
profiles display the same trend: the SIDM subhalo is more
concentrated, has a steeper slope, and a higher enclosed mass
at R = 1 kpc compared to CDM. The 3.5 x 10°M, SIDM
subhalo (dashed) undergoes only mild core collapse, so the
differences from its CDM counterpart are smaller, but the
overall trend remains.

These results highlight that core-collapsed SIDM sub-
halos are more likely than their CDM counterparts to
produce significant perturbations in strong lensing systems,
and their inner structure near the characteristic radius can
be directly probed by lensing measurements. In contrast to
CDM subhalos, which remain nearly static after forma-
tion aside from tidal stripping, SIDM subhalos continu-
ously evolve through different gravothermal phases.
Consequently, we expect the characteristic lensing observ-
ables, y,p and M,p, to evolve over time in a manner distinct
from CDM, as we demonstrate in the following section.

In Appendix B, we show the median 3D density profiles
and corresponding 1o scatter at z = 0 for all subhalos with

1
10%9 10°4 101
—~ 1084 Ja
< =< &
E® 1074 ;C a
1074
1064
—— (DM
—— GroupSIDM-147
10° . - 106 . — 107 . .
0 100 10t 0 10° 10t 0 10° 10t
r (kpc) R (kpe) R (kpe)
FIG. 3. Profiles of the 3D density (left), surface density (middle), and projected enclosed mass (right) for two representative SIDM

subhalos (red) and their CDM counterparts (gray) at z = 0 in Group CDM and GroupSIDM-147 simulations. The solid and dashed
curves denote subhalos with masses 2 x 10° M and 3.5 x 10°M, at z = 0, respectively. In the left panel, the vertical dashed line marks

the resolution limit 2.8¢ = 0.67 kpc.
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masses 10°~10'°M, in our Group simulations. Relative to
CDM, SIDM subhalos exhibit a much broader distribution
of inner densities due to gravothermal evolution, which
amplifies the intrinsic halo-to-halo scatter and increases the
central 1o dispersion relevant for strong-lensing constraints
by nearly an order of magnitude. While the median central
density in GroupSIDM-70 remains similar to that in CDM,
the median density in GroupSIDM-147 is higher, reflecting
the more advanced gravothermal collapse of its subhalo
population.

B. Density slopes at different redshifts

We now explore the evolution of the lensing character-
istics of subhalos in the Group simulations by presenting
distributions of y,p at different redshifts. We choose
simulation snapshots closest to the following possible
strong lensing perturber detections: z = 0.89 motivated
by B1938 (zjns = 0.881 [72,73]), z =0.31 by SDP.81
(Zjens = 0.3 [31,74]), and z = 0.23 by J0946 (zje,s = 0.222
[75]). Note the snapshot of z = 0.89 is only 0.2 Gyr away
from the lens redshift of SPT2147-50 (zjeps = 0.845 [34]).
We also include results from the z = 0 simulation snapshot
for reference. We evaluate y,p at the characteristic radius
R =1 kpc, motivated by the system J0946 [32,36].

In Fig. 4, we present probability distributions of the
subhalo projected logarithmic density slope y,p at redshifts
close to zj.,, for each lensing system of interest. In the left
panel, we present the subhalos from the CDM simulation,
showing that the distribution of density slopes peaks
around y,p ~ —1 at different redshifts and spans a relatively
narrow range from —2 to —0.5 that exhibits little evolution
with time. The origin of this range can be understood as
follows. If the inner 3D density profile is approximated by a
single power law, p « r73, then y,p = y3p + 1. The peak
around y,p ~ —1 thus corresponds to y;p ~ —2, consistent
with the intermediate region of NFW-like halos, where

p o« r~2 and most subhalos have scale radii r, ~ 1 kpc. For
subhalos with r, < 1 kpc, yop at R = 1 kpc probes the
outer region of NFW-like halos with p o r—3, yielding
values close to —2, while for those with r, > 1 kpc, y,p
approaches ~—0.5.

In the middle panel of Fig. 4, we show that subhalos in
the GroupSIDM-70 simulation have evolving density
slopes. At z=0.89 where the simulation time is
t ~9 Gyr, the subhalos have a significant peak around
7op ~ —1 and a minor peak around y,p ~ —0.3, suggesting
that the subhalo population is mainly composed of NFW-
like systems, with a subdominant contribution from core-
forming subhalos. As SIDM gravothermal evolution con-
tinues, the subhalos at z = 0.3 (¢ ~ 12 Gyr) become more
cuspy, and the peak moves from y,p ~ —1 to yop ~ —2 due
to core collapse. At z = 0, the SIDM subhalos have a wide
probability distribution spanning y,p ~ —3 to y,p ~0,
reflecting their diverse density profiles.

For comparison, in the right panel of Fig. 4, the subhalos
in the GroupSIDM-147 simulation show a similar trend but
with more rapid gravothermal evolution, consistent with the
expectation due to the larger cross section amplitude in this
model. At z = 0.89, the probability distribution has two
peaks centered around y,p~—0.5 and y,p~—1. At
z = 0.3, many subhalos are deeply core collapsed, leading
to a narrow peak at y,p ~ —2. Some subhalos are still in the
evolution process at this redshift, as suggested by a small
peak around y,p ~—1. At z =0, after a few more Gyr
elapse, the overall population becomes more dense and the
small peak around y, ~ —1 disappears as the majority of
subhalos become core collapsed.

C. Tidal evolution effects

We further examine the time evolution of the projected
enclosed mass and density slope through a case study.
In the left panel of Fig. 5, we focus on subhalos with

CDM GroupSIDM-70 GroupSIDM-147
1 2089 1 2=0.89 1 2=0.89
L61 1 =031 o8] 3 z=031 1 2=031
2=0.23 2=0.23 | 2=0.23
1.4 0.8
1 z=00 1 z=00 1 z=0.0
1.21 0.6
0.61 M
. 1.01 ™ o
g g o
0.81 A
04 0.41 = L
0.61
0.41 0.2 0.2
0.2
0.0 . = . . 0.0 . . | 0.0 - . . |
-3 -2 -1 0 -3 -1 0 -3 -2 -1 0
2D Y2D Y2D

FIG. 4. Probability distributions of the projected density slope y,p of subhalos at redshifts z = 0.89 (blue), 0.31 (green), 0.23 (pink),
and 0 (brown) in the Group simulations for CDM (left), GroupSIDM-70 (middle), and GroupSIDM-147 (right). We include all subhalos
resolved with more than 1000 particles, corresponding to masses above 4 x 103M .
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FIG. 5. Evolution of the projected enclosed mass M,p and density slope y,p and for example subhalos (left), nongrowing field halos

(middle), and growing field halos (right). The subhalos and growing field halos evolve from z = 0.94 to z = 0 (solid). The non-growing
halos evolve from z =4.52 to z = 0.94 (dashed) and then to z = 0 (solid). Gray, orange, and red lines correspond to CDM,
GroupSIDM-70, and GroupSIDM-147 halos, respectively. Black arrows indicate the direction of evolution.

M, ~2.3 x 10'°M, at infall z = 0.94. To enable a one-to-
one comparison, we match subhalos across the three
simulations based on their preinfall trajectories and mass
assembly histories. For the CDM case, the density slope
exhibits only minor changes during tidal evolution, con-
sistent with the results of Sec. III B. By contrast, in the
SIDM runs the evolutionary tracks of the GroupSIDM-70
and GroupSIDM-147 subhalos initially coincide, but the
GroupSIDM-147 system evolves along this track more
rapidly due to its larger cross section. Notably, the
GroupSIDM-147 subhalo wundergoes a turnover at
7op ~ —2, leading to a smaller enclosed mass but a steeper
central density slope at later times.

To investigate inner profile evolution in the absence of
tidal effects, we analyze field halos with quiescent merger
histories but similar properties to the subhalos in the left
panel at z = 0.94. The middle panel of Fig. 5 presents halos
with minimal mass growth from z = 0.94 to z = 0, shown
as solid lines. To extend their evolutionary histories, we
trace the merger trees back to z = 4.52, with the interval
between z = 4.52 and z = 0.94 shown as dashed lines. For
the CDM halo, the enclosed mass and density slope remain
essentially unchanged, as expected. For the GroupSIDM-
70 halo, the profile undergoes core expansion between
z = 4.52 and z = 0.94, and by the end of the simulation, its
enclosed mass and density slope are broadly comparable to
those of the CDM halo as it approaches the onset of
core collapse. Note that these field halos grow from
23 x10'M at z =0.94 to 3 x 10"°M at 7 = 0.

Interestingly, the corresponding GroupSIDM-147 field
halo exhibits a history similar to that of the GroupSIDM-
147 subhalo shown in the left panel of Fig. 5. In particular,
it displays a two-stage evolution: initially, the enclosed
mass increases along with the density slope, followed by a
turnover at y,p =~ —1.7, after which the enclosed mass

decreases while the density slope continues to rise.
Although the qualitative behavior is similar in a nontidal
environment, the field halo traverses this evolutionary path
much more slowly, over the full interval from z = 4.52 to
z =0, whereas the subhalo completes a similar path
between z = 0.94 and z = 0. This comparison suggests
that tidal effects can accelerate gravothermal evolution
[76-78] and drive the turnover points we identify, where
subhalos develop steeper slopes while reaching comparable
maximum enclosed masses relative to their field
counterparts.

A recent study [38] utilized the isothermal Jeans
model [79,80] to explore the evolution of isolated SIDM
halos, obtaining similar qualitative turnover behavior.
Quantitatively, the turnover points in Ref. [38] are at
7op ~ —1.5. This slope is overall consistent with our
findings for the field GroupSIDM-147 halo shown in the
middle panel of Fig. 5 but less steep than the y,p ~ —2
turnover point for the GroupSIDM-147 subhalo in the left
panel. The difference may arise because the isothermal
Jeans model does not capture the acceleration effect
induced by tidal forces, as discussed previously.
Reference [38] also found that, for halos of comparable
mass, the projected enclosed mass decreases while the
density slope becomes shallower after the turnover point.
This trend differs from our collapsed GroupSIDM-147
halos, where the enclosed mass decreases but the slope
steepens. A detailed comparison between our N-body
cosmological simulations, the isothermal Jeans model
predictions, and isolated simulations [56] is deferred to
future work.

We also examine the case of field halos with substantial
mass growth. Specifically, we select halos with the proper-
ties at z = 0.94 comparable to the subhalos in the left panel
of Fig. 5 and track them to z = 0, ensuring they never
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become subhalos of the main host. These halos experience
numerous minor mergers, reaching M, = (8-15) x
10'°M at z = 0, corresponding to a growth factor of
4-T relative to z = 0.94. Their evolution, shown in the right
panel of Fig. 5, indicates that SIDM halos undergo
continuous core expansion, characterized by decreasing
enclosed mass and increasingly shallow density slopes
approaching y,p ~ 0. This behavior is consistent with
expectations for halos of final mass M; ~ 1My, which
should predominantly remain in the core-expansion phase
under our SIDM models. These results suggest that
sustained mass growth may delay core collapse, although
a more detailed analysis is required to confirm this
interpretation.

In this section, we have demonstrated the characteristic
properties of SIDM halos relevant to strong lensing
observables, using high-resolution cosmological simula-
tions of a group system from the Concerto suite. These
properties evolve dynamically in SIDM halos, in stark
contrast to CDM halos, where they remain nearly static
after formation. The stage of gravothermal evolution
depends not only on the SIDM particle physics, through
the self-interaction cross section, but also on the tidal
environment and assembly history. These predictions can
be tested with strong lensing observations across different
redshifts. In particular, core-collapsed SIDM halos are
expected to perturb gravitational lensing images more
effectively than their CDM counterparts, as we dis-
cuss next.

IV. PERTURBER ANALOGS IN SIMULATIONS

We examine halos in our SIDM simulations at selected
snapshots corresponding to four strong gravitational lens-
ing perturber candidates: J0946, B1938, SDP.81, and
SPT2147-50. For comparison, we adopt perturber models
from the latest studies as references.

A. SDSS J0946 + 1006

There have been multiple studies on possible perturber
detection on J0946 in recent years [26,32,35-37,43-45].
The system is composed of a main foreground galaxy at
z = 0.222 [75] and three background sources at z = 0.609,
2.035 [81], and 5.975 [82]. Although the exact perturber
parameters differ slightly across these studies, they all
concluded that the possible perturber is likely a subhalo of
the main lens. Reference [13] showed that core-collapsed
SIDM subhalos of the group host halo (Halo352) in the
GroupSIDM-147 simulation can be significantly more
dense than their CDM counterparts and that their properties
are overall consistent with the perturber model in Ref. [32].

In this work, we extend the previous study in several key
aspects. First, we evaluate subhalo properties at the snap-
shot z = 0.23, which is close to the redshift of the lens
galaxy. By contrast, the analysis in Ref. [13] was performed

at z = 0. The Concerto subhalo catalog we use is also more
complete due to the addition of particle-tracking Symfind
algorithm [67]. Second, we demonstrate that core-collapsed
subhalos in the GroupSIDM-70 simulation can be suffi-
ciently dense to serve as perturber candidates, even though
the cross section amplitude o,/m is reduced by a factor of
2. Lastly, we compare simulated subhalos with a more
recent perturber model from Ref. [45], where two sources at
different redshifts (z = 0.609 and z = 2.035) are included
in the lensing analysis; see also Ref. [44]. In this case, the
inferred enclosed mass within 1 kpc is smaller than in the
earlier work of Ref. [32], which considered only the lowest-
redshift source. We also note that constraints from Ref. [44]
are weaker than those in Ref. [45], with inferred concen-
trations at ~3¢ and ~4¢ above the cosmological median,
respectively. As shown in Fig. 12 of Ref. [45], super-
sampling shifts the preferred concentration upward and
reduces its uncertainty, likely explaining the difference
between the two analyses. In the remainder of this
discussion, we adopt the J0946 perturber model of
Ref. [45] as our fiducial benchmark.

Reference [45] used a truncated-NFW (tNFW) profile
[83] to model the J0946 perturber

o Ps
P = s e s O

where r; and p, are the scale radius and density, respec-
tively, and r, is the truncation radius. In the limit , — oo,
this reduces to a regular NFW profile. For the lensing
fit including the multipoles based on the a-prior models,
the inferred parameters are log(Myy/Mg) = 9.847)%)
and IOg(CZ()()) = 264:())772, and 10g(rt/kpc) = 088j12271
(95% CL) [45]. Note here that M5, and ¢, are the mass
and concentration of the subhalo would have if it were a
field halo without tidal stripping, from which r, and p, in
Eq. (3) can be reconstructed. The corresponding projected
enclosed mass and density slope at R = 1 kpc are M, =
249703 x 10°Mg and yop = —1.987%4% (95% CL),
respectively.

In Fig. 6, we present the projected enclosed masses and
density slopes of simulated CDM and SIDM subhalos at
redshift z = 0.23, along with the inferred properties of the
J0946 lensing perturber from Ref. [45]. From the left panel,
we see that CDM subhalos from the Group simulation
cannot easily account for the steep slope inferred for the
perturber. In contrast, core-collapsed SIDM subhalos in the
GroupSIDM-70 and GroupSIDM-147 simulations shown
in the middle and right panels, respectively, have a
distribution of projected density slopes that are more
consistent with the range inferred from the observations.
Meanwhile, SIDM subhalos in the core-expansion
phase have density slopes shallower than the CDM sub-
halos, as expected. More specifically, the 95% ranges of
the y,p value are (—1.41,-0.65), (-2.01,-0.05), and
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FIG. 6. Projected enclosed masses and density slopes of subhalos (R = 1 kpc) at redshift z = 0.23 in Group simulations for CDM
(left, gray), GroupSIDM-70 (middle, orange), and GroupSIDM-147 (right, red). Subhalos resolved with more than 2000 particles are
shown as large filled markers, while those with 1000-2000 particles are shown as small open markers. For comparison, we show the
inferred enclosed mass and density slope of the J0946 perturber from [45] (purple), based on a truncated NFW fit including both
multipole and kinematic priors; the error bar indicates the 95% CL.

(—=2.02,-0.01) for subhalos in the CDM, GroupSIDM-70,
and GroupSIDM-147 simulations, respectively. We find
that GroupSIDM-70 and GroupSIDM-147 produce com-
parable diversity in subhalo density profiles, although low-
mass subhalos in the latter tend to have slightly steeper
slopes. Therefore, GroupSIDM-70 is also viable SIDM
model to produce signatures in strong lensing observations.

Although the projected enclosed masses of core-
collapsed subhalos are overall lower than that inferred
for the observed perturber, a few of them have M,p >
9 x 10°M, and are compatible to the perturber model in
Ref. [45], which includes two background sources at
7=0.609 and 2.035 in the lensing fit. If only the low-
est-redshift source is included, the enclosed mass is higher
by 34% M, ~3.33 x 10°M,, while the density slope is
shallower y,p ~ —1.2 [32]; see Ref. [45] for a detailed
discussion. Thus, our simulations are in better agreement
with the latest perturber model. In this regard, an accurate
lensing model is important for testing the SIDM scenario.

On the simulation side, we note that the mass of the main
halo (Halo352) is 1.3 x 10'3MO, which lies at the lower
end of the estimated mass range of the lens galaxy,
(1-6) x 10°M [32]. As a result, the abundance of
simulated subhalos at the high-mass end could be some-
what underestimated. To test this, we analyzed another
group host in the Concerto suite [16], Halo962, with a mass
of 3.2x 103My for GroupSIDM-70. We find that the
abundance of core-collapsed subhalos with M, compa-
rable to the perturber model is almost the same as in
Halo352. In principle, Halo962 would accrete more mas-
sive subhalos than Halo352, but they may be in the core-
expansion phase and subject to tidal disruption [67]. Other
possible factors include the cosmological environments of
the simulated group hosts, where higher-density regions

tend to produce denser subhalos, as well as numerical
issues associated with N-body simulations in the core-
collapse regime, which may lead to an underestimation of
the inner densities of collapsed subhalos [56,84—87]. Future
work is needed to further address these points.

In Fig. 7, we show density profiles of the subhalos at this
snapshot (z = 0.23) with a cutoff on the projected enclosed
mass at R = 1 kpc of M,p, > 8 x 103M,, along with the
density profile reconstructed from the truncated-NFW
model [45]. For the subhalos in our CDM simulation, their
density profiles are too shallow in the inner regions
r < 1 kpe, compared to the perturber model. In compari-
son, core-collapsed SIDM subhalos show better agreement
with the perturber model, although their overall densities
are slightly lower, with some cases falling within the model
uncertainties. As the cross section amplitude increases from
70 cm?/g to 147 cm?/g, more subhalos evolve into a
deeper collapse phase, resulting in higher densities in
the inner regions. We note that the inner density profiles
of the core-collapsed subhalos lie at the lower end of the
range favored by the perturber mass model, although their
logarithmic density slopes match the inferred profile well.
This is consistent with the somewhat low projected mass
enclosed within R = 1 kpc found in our simulations. The
comparison suggests that the observed perturber may
originate from a more massive and relatively high-concen-
tration progenitor halo. Additionally, lensing observables
of the system y,p and M, evaluated at R = 1 kpc are not
sensitive to the mass distribution of the perturber at large
radii (r > 1 kpc); see also Ref. [38].

In Fig. 8, we show the projected enclosed mass as a
function of the preinfall peak mass of the subhalos. For the
core-collapsed halos with M,p > 10°M, the preinfall
peak masses lie in the range (1-3) x 10'°M,. We note
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FIG. 7. Density profiles of subhalos at redshift z = 0.23 in Group simulations for CDM (gray), GroupSIDM-70 (orange), and
GroupSIDM-147 (red), with projected masses M,p(1 kpc) > 8 x 108M. The vertical dashed line marks the resolution limit
2.8¢ = 0.67 kpc. For comparison, we show the reconstructed density profile of the J0946 perturber from [45] (purple), based on a
truncated NFW profile, with the shaded band denoting the 1o uncertainty under Gaussian error assumptions for the marginalized

parameters.

that a few CDM subhalos also have M, > 10°M, with
peak masses exceeding 10" M; however, none of these
subhalos is sufficiently dense in their inner regions to serve
as perturber candidates. Using the peak masses shown in
Fig. 8, we could apply abundance matching to infer the
corresponding stellar masses of the subhalos and inves-
tigate their luminosities, thereby providing further con-
straints on the SIDM interpretation of the perturber.

101[)
CDM z=0.23
GroupSIDM-70
GroupSIDM-147
1094 00,
/-@\ '.. 3‘ 5
=
a
=
10%
107 0 11 111 12
108 107 1010 10 10
Mpeak (MQ)

FIG. 8. Projected enclosed mass M,p (R = 1 kpc) at redshift
z =0.23 as a function of preinfall peak mass of the simulated
subhalos. Subhalos with more than 2000 particles are shown with
large filled markers, while those with 1000 to 2000 particles are
shown with small open markers.

However, carrying out such an analysis would require a
dedicated study of galaxy-halo connection in the SIDM
framework, which is beyond the scope of this work. In what
follows, we review recent progress in this direction and
highlight some of the subtleties involved.

Assuming standard stellar mass-halo mass relations,
Ref. [38] argued that core-collapsed subhalos for the
J0946 perturber would host luminous galaxies that should
already have been detected. We note, however, that this
constraint is subject to large uncertainties. Their semi-
analytical analysis found that the required halo mass drops
from 101" Mg to 5 x 10!'°M , as the halo concentration rises
from the median to 3¢ above it. In this case, the expected
stellar mass decreases by nearly 2 orders of magnitude. As
indicated in Fig. 8, our cosmological simulations show that
the preinfall masses of core-collapsed SIDM subhalos with
Mo, > 10°M, can be as low as 10'°M, implying even
smaller stellar masses. Moreover, core-collapsed SIDM
subhalos necessarily pass through a core-expansion phase,
which can enhance tidal mass loss of both dark matter and
stars [67]. Consequently, the total stellar mass could be
smaller than in the CDM case, although the stellar
distribution within a core-collapsed subhalo may become
more compact.

Reference [40] showed that an alternative lensing sol-
ution with light contamination from the perturber reduces
the inferred concentration of the subhalo in the system; in
this scenario, CDM subhalos may be dense enough to
explain the data. A more robust, direct confirmation of the
perturber’s luminosity is needed, which can be achieved by
analyzing the lensing system with multiple bands [40]. If a
luminous component is confirmed to be associated with
this perturber, it would imply that a successful SIDM model
cannot drive most or all subhalos into core collapse but
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must instead produce a diversity of density profiles. Indeed,
both the GroupSIDM-70 and GroupSIDM-147 simulations
exhibit such a diverse distribution as shown in Fig. 6. A
dedicated study of SIDM simulations including baryons
will further shed light on this situation.

B. JVAS B1938 + 666

There have been multiple perturber models derived for
the strong lensing system B1938, with recent studies
presenting a background perturber [57], subhalo perturber
[36], and foreground perturber [37]. For our study, we focus
on the most recent foreground model [37] as the analysis is
based on the latest and highest-resolution data available.
Reference [37] adopted an NFW profile and a power-law
profile to model the foreground perturber and obtained
constraints on their parameters by fitting to the lensing data.
The total halo mass is well constrained for the NFW profile
but not for the power-law profile, and hence we choose
the former as the reference to compare against our
simulations. For the B1938 perturber, the halo mass is
M = 5.083‘% x 103M, and the concentration is cy;, =
1857418 at 7~ 0.123 [37]. Taking the median values, the
corresponding scale density and scale radius are p, ~
7.74 x 10°M 4 /kpc? and rg ~ 0.11 kpc, respectively.

The foreground perturber model from Ref. [37] reported a
robust radius of 0.09 kpc, within which the perturber
properties are confidently measured. This radius is much
smaller than the spatial resolution of our Group simulations,

B1938 Foreground (LMC z = 0.12)
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108 J0075
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107 4

105 4
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—— CDM
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which is set by the gravitational softening length as
2.8¢ = 0.67 kpc. Thus, we explore field halos in our
LMC zoom-in simulation, which has a particle mass m, =
6.3 x 10°M, and a softening length of e = 0.06 kpc,
providing a resolution limit of 2.8¢ = 0.17 kpc; although
this scale is still formally larger than the robust radius, it
allows us to compare our simulated halos the inferred
density profile much closer to the region constrained by
lensing data.

As shown previously in Fig. 2, the properties of CDM
field halos in the zoom-in region of the LMC simulation are
consistent with those in the Group simulation. This
indicates that the change of environment does not sub-
stantially bias our results. Furthermore, since the perturber
in this model is a foreground halo at redshift z = 0.12,
which is significantly lower than the redshift of the lens
galaxy (Zjens = 0.881), it is plausible that the perturber
resides in a low-density region of the cosmic volume,
consistent with the cosmological environment of the LMC
simulations.

In Fig. 9, we present the density profiles of field halos in
the LMC simulation for CDM and GroupSIDM-147,
shown in the left and right panels, respectively. For
comparison, we also include the inferred NFW density
profile from Ref. [37], along with its associated lo
uncertainty bands (shaded regions). The vertical dashed
line marks the resolution limit in our LMC simulations,
2.8¢ = 0.17 kpc. From the left panel, we note that the
simulated CDM halos appear cored toward the center due
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FIG. 9. Density profiles of field halos at z = 0.12 in LMC simulations for CDM (left, gray) and GroupSIDM-147 (right, red), with
masses in the range M,;; = 108-10° M. The perturber model (blue) assumes an NFW profile from Ref. [37]. The vertical dashed line

marks the resolution limit 2.8¢ = 0.17 kpc.
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to resolution limitations. Although their inner densities are
systematically lower than the perturber model, we cannot
conclude that CDM is in strong tension with the data. The
authors in Ref. [37] extrapolated the inner density profiles
of the simulated halos in the Ilustris TNG50 CDM
simulation using an analytic approach and found analogs
of the perturber, although they lie near the edge of the halo
distribution in the relevant mass and redshift ranges.

From the right panel, we see that the density profiles of
the SIDM halos span a wider range. Some of them are
deeply core collapsed and consistent with the NFW model
even at radii smaller than the resolution limit. We note that
core-collapsed SIDM subhalos often have a substantial
number of particles at radii 7 < 2.8¢, making their density
profile measurements more reliable than CDM subhalos in
this regime. Note that numerical issues associated with N-
body simulations in the deep core-collapse phase, such as
artificial heating, generally lead to underestimated inner
densities [56,84—87]. In this sense, our results are likely
conservative for core-collapsed systems.

For the simulated halos shown in Fig. 9, their masses are
in the range M,;, = 103-10°M. The SIDM halos closest
to the perturber model have M, ~ 10°M; at this mass
scale, the stellar mass is expected to be very low [21,88].
Therefore, unlike J0946, which hosts a much more massive
perturber, light contamination is likely less significant in
the case of B1938. Our analysis suggests that core-
collapsed SIDM halos are more likely candidates for the
B1938 perturber than CDM halos, although the latter
cannot be excluded given the systematic uncertainties of
the density profile reconstruction and simulation predic-
tions. Further work is needed to narrow down the favored
model space.

A more recent study [89] analyzed lensing data of the
B1938 system under the assumption that the perturber is a
subhalo of the lens galaxy and found that the inferred
density profile is actually cored, with a central density of
2.5 x 10’M 4 /kpc? and a core size of 0.5 kpc. Interestingly,
some of our simulated SIDM halos, shown in the right
panel of Fig. 9, align with this inferred cored profile. On the
other hand, Ref. [36] assumed that the perturber is a
subhalo and obtained a much steeper density profile.
The discrepancy likely arises from their respective treat-
ments of the subhalo density profile: Reference [36]
assumed a power-law density profile, whereas Ref. [89]
performed a nonparametric reconstruction.

C. SDP.81

Reference [31] reports the possible detection of a
substructure with a mass of M, = 1089*012)1  in the
strong-lensing system SDP.81 using ALMA data. The lens
is a massive elliptical galaxy at z = 0.2999, and the source
is a background star-forming galaxy at z = 3.042 [90].
A more recent study [58] reanalyzed data of the SDP.81
system and did not confirm evidence for a subhalo

perturber. The earlier detection reported in Ref. [31] may
have been spurious, arising from inadequate modeling of
multipoles in the annular lensing mass distribution.
Interestingly, Ref. [58] also demonstrates that ALMA data
are of sufficient quality to detect subhalos with masses
below 10'°Mg, if such subhalos are present. For this
reason, we compare our simulated subhalos with the
perturber model presented in Ref. [31] as a case study.
Should a detection of a subhalo with mass 10°~10'°M be
confirmed in the future, our comparison will serve as a
useful reference.

Reference [31] uses a pseudo-Jaffe profile [91,92] to
model the perturber,

o rt

- 27Gr? r?(r? +r?)’

p(r) 4)

where o, is the 1D velocity dispersion of the subhalo, r, is
the truncation radius, and G is Newton’s constant. From
Eq. (4), we can obtain the central projected surface density
02/(2G) and the total mass M = zo>r,/G. To reduce the
number of free parameters, Ref. [31] further assumes that
r, = (6,/v/26G)rE, where rg is the Einstein radius of the
main lens and o is its velocity dispersion. To reconstruct
the density profile, we adopt 8y = 1.62 arc sec from
Table 2 in Ref. [93], equivalent to rr = 7.06 kpc following
cosmology adopted by Ref. [74], and 65 = 265 km/s from
Table 1 in Ref. [74], corresponding to their median values.
The total inferred mass is 1039691237 [31]. With these
conditions, we determine as 6, ~39.4 kms™' and r, ~
0.8 kpc in Eq. (4).

In Fig. 10, we show density profiles of subhalos at 7 =
0.31 from the Group CDM and SIDM simulations, together
with the perturber model reconstructed from Ref. [31]. For
the simulated subhalos, their masses are within the range
10°-10'M; the SIDM subhalos closest to the perturber’s
inferred density profile have masses of 2 x 10°M. None
of the CDM subhalos matches the reconstructed perturber
profile well. This is not surprising, as the perturber density
profile scales as 72 toward the central regions, while the
CDM subhalo inner profiles are expected to scale as !,
which is consistent with our results at scales larger than the
resolution limit. In contrast, many of the core-collapsed
SIDM subhalos in both GroupSIDM-70 and GroupSIDM-
147 are dense enough to be candidates for the perturber.
Although the simulated SIDM subhalos have higher
densities than the assumed pseudo-Jaffe profile for
r > 2 kpc, the actual profile of the perturber at these radii
is likely not constrained by the current lensing data, as in
the case J0946. A study that forward models the lensing
signal using our simulated subhalo profiles would help
clarify the radial sensitivity of the measurements, particu-
larly if a detection is confirmed.
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FIG. 10. Density profiles of subhalos at z = 0.31 in Group simulations for CDM (left), GroupSIDM-70 (middle), and GroupSIDM-
147 (right), with masses in the range 10°~10'°M . The perturber model assumes a pseudo-Jaffe profile, reconstructed from Ref. [31]
(green). We note that a recent study [58] did not confirm the detection of a subhalo perturber in the SDP.81 system; our comparison is

therefore provided as a case study and reference.

D. SPT2147-50

Reference [34] reports the possible detection of a dark
substructure in the strong lensing system SPT2147-50
using James Webb Space Telescope data. The lens galaxy
lies at redshift z = 0.845, while the background source is at
7 = 3.76 [94]. Their analysis showed that lensing models
including a dark substructure are strongly favored, even
after accounting for multipole perturbations of the main
lens, corresponding to a 5o detection. Assuming a NFW
density profile with a median concentration, they inferred a
substructure mass of log;o(Map/Mg) = 10.871037 from
the F444W filter. It is important to emphasize, however,
that the inferred mass depends sensitively on the assumed
density profile and concentration [36,95]. In particular,

SPT2147-50 (= = 0.85)

adopting a more concentrated profile can lower the inferred
substructure mass to 5 x 109M® or below [34].

In Fig. 11, we show density profiles of subhalos in the
Group CDM and SIDM simulations, together with the
NFW perturber model from Ref. [34]. The simulated
subhalos have masses M.;, > 5 x 10°M . We find multiple
CDM subhalos with density profiles similar to the perturber
model, as expected since the latter assumes a median
concentration. By contrast, in both SIDM simulations,
most subhalos with M, >5x 10°M, at z=0.85
(6.5 Gyr after the big bang) develop central cores, resulting
in lower inner densities than their CDM counterparts. A
few subhalos at the lower end of the mass range undergo
core collapse, and their central densities are comparable to
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FIG. 11. Density profiles of subhalos at redshift z = 0.85 in Group simulations for CDM (left), GroupSIDM-70 (middle), and

GroupSIDM-147 (right), with masses M; > 5 x 10°M (solid). The perturber model assumes an NFW profile with a median
concentration from Ref. [34] (blue). For comparison, we also include deeply core-collapsed subhalos with masses ~#10°M, in the
middle and right panels (dashed).
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the perturber model. Furthermore, for SIDM subhalos with
masses around 10°M, some have already experienced
deep core collapse by z = 0.85, reaching central densities a
few times higher than the perturber model at radii <1 kpc.

It is of great interest to reanalyze SPT2147-50 using
more compact density profiles for the substructure and to
infer the corresponding mass. Evaluating the relative
performance of different density profiles in fitting the
lensing data can provide a further test of SIDM predictions.
Among the four candidate detections of strong lensing
perturbers, this system lies at the highest redshift, corre-
sponding to roughly half the present age of the Universe. To
explain core collapse at such an early epoch, the SIDM
cross section must be sufficiently large on the relevant mass
scale. In this regard, these analyses would further test our
GroupSIDM-70 and GroupSIDM-147 models.

We have shown that core-collapsed SIDM halos attain
higher central densities than their CDM counterparts,
resulting in better agreement with the density profiles
inferred for strong-lensing perturbers overall. To quantify
this comparison, we compute x> values between the
simulated subhalos and each perturber mass model.

For each perturber, we sample the inferred density
profile, O;, and its associated uncertainty, o;, at radii r;.
We adopt 10 logarithmically spaced radii spanning the
range from the halo center to a radius close to the reported
robust radius, when available. For each simulated subhalo,
we interpolate the density profile p(r) using a cubic spline
and evaluate

10
)(2 _ Z [p(r;) ; Oi]Z‘ (5)

For J0946, we use the radial range 0.1-1 kpc. Among
the subhalos shown in Fig. 7, the best-fitting systems yield
7% =302 for CDM, y? = 25.9 for GroupSIDM-70, and
x* = 23.2 for GroupSIDM-147. For B1938, we use the
range 0.01-0.9 kpc. Among the subhalos shown in Fig. 9,
the minimum values are y?> = 22.3 for CDM and y?> = 7.1
for GroupSIDM-147.

For SDP.81, no robust radius has been reported, and we
therefore adopt the range 0.1-1 kpc. Among the subhalos
shown in Fig. 10, the best-fitting halos have y*> = 115.3 for
CDM, y* = 51.2 for GroupSIDM-70, and y> = 32.3 for
GroupSIDM-147. For SPT2147-50, we adopt the range
0.1-1 kpc. Among the subhalos shown in Fig. 11, the
minimum values are y> = 6.5 for CDM, y?> =5.8 for
GroupSIDM-70, and x> = 10.3 for GroupSIDM-147. We
caution that these calculations assume uncorrelated mea-
surements. While differences in y? between CDM and SIDM
models provide a useful measure of their relative perfor-
mance, the absolute y? values should not be overinterpreted.

Overall, the best-fitting SIDM subhalos generally pro-
vide a better match to the inferred perturber density profiles

than their CDM counterparts, particularly for J0946,
B1938, and SDP.81. These results quantitatively support
the conclusion that gravothermally collapsed SIDM sub-
halos can more naturally reproduce the high central
densities inferred for several strong-lensing perturbers.
We note that the perturber model for SPT2147-50 is well
matched by both the CDM and SIDM simulations. This is
not unexpected, as Ref. [34] adopts a CDM halo profile
with a concentration close to the median CDM expectation.
The primary goal of that work was to establish the presence
of a dark substructure rather than to discriminate among
different subhalo density profiles. More precise measure-
ments of the internal structure of strong-lensing perturbers
will provide increasingly powerful tests of the SIDM
interpretation.

V. CONCLUSION

In this work, we explored the lensing characteristics of
halos from the zoom-in SIDM Concerto simulation suite [16].
Our analysis spans CDM and two SIDM models with large,
velocity-dependent dark matter self-interactions. We dem-
onstrated that gravothermal evolution induced by self-
interactions can increase projected enclosed masses and
produce cuspy inner density slopes, providing a possible
explanation for the high densities inferred from all currently
known lensing perturber candidates detected via gravita-
tional imaging. Across the perturber models we considered,
the inferred V. spans 15-65 km/s; thus, these systems
probe the velocity-dependent SIDM cross section in this
velocity range. The subhalo properties predicted in the two
SIDM models we considered are overall similar, suggesting
that, for the range 6,/m = 70-147.1 cm?/g, the turnover
velocity is a critical factor that determines the evolution
stage of massive subhalos. In particular, to explain the high
density of the J0946 perturber, a 10'°M halo must be in
the deep collapse phase, which sets a strong constraint on
the turnover velocity w ~ 100 km/s.

In SIDM, the lensing characteristics M,p and y,p evolve
continuously following the gravothermal evolution of halos,
in stark contrast with CDM, where these quantities are almost
static aside from minor changes induced by tidal stripping.
Thus, observations of strongly lensed systems at different
redshifts might be able to distinguish SIDM and CDM
predictions. Furthermore, for core-collapsed SIDM halos, we
found that the evolution of inner enclosed mass and density
slopes can be described by a two-stage process that is
connected by a turnover point that maximizes enclosed mass
for a given halo. For subhalos, the evolution is further
accelerated by tidal stripping, and the turnover occurs earlier
in time. This behavior may provide a maximum enclosed
mass estimation, thus constraining the properties of halos that
can act as efficient lensing perturbers.

We compared enclosed masses, density slopes, and
density profiles of simulated halos against the perturber
models from recent observational studies, which use
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analytical functions for modeling the perturber density
profiles. Future work that forward models the lensing signal
of halos from high-resolution and more realistic simula-
tions in lensing environments is needed to confirm such
analogs. In this context, we note that some of perturber
models probe the enclosed mass at radii close to or smaller
than the resolution limits of our simulations. For example,
the robust radius of foreground models for system B1938 is
around 0.09 kpc [37], which is close to the spatial
resolution limit of even our LMC simulations and below
that of the Group simulations. Although higher-resolution
simulations will be needed to address this, we note that
achieving such resolution in cosmological simulations of a
strong-lensing environment is challenging in the near
future. On the other hand, recent studies [55,56] suggest
that using a King density profile model [96] can provide an
accurate fit to the region that is below resolution for
simulated halos. We leave an application of this technique
to lensing perturber analogs for future work.

As discussed previously, the luminosity of lensing
perturbers may also provide possible constraints on the
search for SIDM perturber analogs, particularly for massive
subhalos such as the J0946 perturber [38,40]. Several
factors should be considered in this regard. If a luminous
component is confirmed to be associated with this per-
turber, it implies that a successful SIDM model cannot have
a very large cross section that makes most or all halos core
collapsed, but instead must allow diverse density profiles.
On the other hand, if this perturber is indeed a dark subhalo,
we may derive an upper bound for the possible subhalo
mass by assuming the stellar-halo mass relation from
hydrodynamic cosmological simulations, although the
scatter may be large at these mass scales [97].

The analysis presented in this work is based on dark-
matter-only simulations. Energy injection from baryonic
processes associated with galaxy formation in subhalo
progenitors, as well as feedback from central supermassive
black holes in lens galaxies, can alter the evolution of
SIDM halos and may delay or even prevent gravothermal
collapse. It is therefore important to assess the impact of
these effects on the SIDM predictions. Recently, Ref. [98]
investigated the influence of baryonic feedback on the
gravothermal evolution of SIDM halos using controlled
simulations with an oscillating baryonic potential. The
authors found that gravothermal collapse remains robust in
high-concentration halos, even in the presence of strong
feedback-induced energy injection. Such halos are the most
plausible hosts of the strong-lensing perturbers considered
here. These results suggest that the dense central regions
produced by SIDM core collapse can survive realistic
baryonic feedback, although dedicated hydrodynamical
simulations of group-scale environments will be needed
to establish the generality of this conclusion.

We conclude that forthcoming observations of large
samples of strong-lensing perturbers may provide a

sensitive probe of velocity-dependent dark matter self-
interactions. Indeed, a 10°M, strong-lensing perturber has
recently been discovered in the B1938 system [99,100]. Its
inferred inner mass would correspond to a =100 concen-
tration outlier in CDM, whereas it is naturally reproduced
by SIDM subhalos after undergoing deep collapse
[101,102]. If similar dense perturbers are identified in
future lensing surveys, they could provide compelling
evidence for dark matter self-interactions. Many such
discoveries are expected from the Euclid mission [103],
complemented by the large samples of strong lenses
anticipated from Rubin [104] and Roman [105]. A crucial
aspect of this work will be a better understanding of strong
lensing selection effects: if the observed perturbers only
sample the most concentrated halos that contribute to the
lensing signal, forward modeling is needed, since a
comparison to the entire population of simulated halos at
a given redshift may not be appropriate. Our simulation
framework will be valuable, as it allows us to forward
model the observed lensing signal, which we plan to pursue
in future work. Thus, the combination of N-body simu-
lations like SIDM Concerto with lensing data can serve as a
valuable tool to test the self-interacting nature of dark
matter.
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APPENDIX A: HALO PROPERTIES WITH AN
ALTERNATIVE CONCENTRATION DEFINITION

An alternative and widely used definition of halo
concentration is [106]

_ ( Vinax >2
Cy = 2 s

H(2)imax
where H(z) is the Hubble parameter, V. is the maximum
circular velocity, and r,, is its corresponding radius. This
definition is particularly useful for subhalos, since it does
not rely on virial quantities. In what follows, we present the

distribution and redshift evolution of ¢y, for our simulated
CDM and SIDM halos.

(A1)
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FIG. 12. Distributions of the concentration [Eq. (Al)] versus
peak mass at z = O for subhalos (top) and field halos (bottom) in
the Group (circles), MW (pentagons), and LMC (triangles)
simulations, shown for CDM (left) and GroupSIDM-147 (right).
Halos with more than 2000 particles are shown as large filled
markers, and those with 1000-2000 particles are shown as small
open markers.

Figure 12, analogous to Fig. 2, shows the distributions of
cy for subhalos and field halos. The trends mirror those in
Fig. 2: SIDM halos display much larger scatter in cy at
fixed M, than CDM, with core-collapsed halos reach-
ing very high ¢y, values. The scatter is comparable
across all four host masses, suggesting little environmental

bias. Notably, Ref. [37] estimated logcy ~7 for the
J0946 perturber, which is well above the values reached
by our simulated CDM subhalos but consistent with SIDM
subhalos in the deeply collapsed phase, as shown in the top
panels of Fig. 12.

Figure 13 shows the probability distributions of con-
centration [Eq. (Al)] at redshifts z = 0.89 (blue), 0.31
(green), 0.23 (pink), and O (brown) in the Group zoom-in
simulations for CDM (left), GroupSIDM-70 (middle), and
GroupSIDM-147 (right). We include all subhalos masses
larger than 4 x 103M o at each snapshot. For CDM, the cy,
distributions are relatively narrow and evolve little with
time. In contrast, SIDM subhalos exhibit broader distribu-
tions that shift toward higher ¢y values at lower redshifts,
reflecting the increasing fraction undergoing core collapse.
The trend strengthens with cross section amplitude: in
GroupSIDM-147, the ¢y distribution at z = 0 is bimodal,
with a substantial population of deeply collapsed subhalos
at log(cy) = 6. This behavior closely parallels the evolu-
tion of y,p in Fig. 5.

APPENDIX B: SUBHALO DENSITY PROFILES

Besides the representative examples discussed in
Sec. I A, we compute the median 3D density profiles
and the corresponding 1o scatter at z = 0 for all subhalos
with masses in the range 10°-10'°M, in our Group
simulations, as shown in Fig. 14. Relative to CDM,
SIDM subhalos exhibit a substantially larger spread in
their inner density profiles due to gravothermal evolution,
which drives both core expansion and core collapse. These
processes amplify the intrinsic halo-to-halo scatter present
in CDM, increasing the 1¢ dispersion in the central regions
relevant for strong-lensing constraints by nearly an order of
magnitude. Interestingly, the median central density in
GroupSIDM-70 is comparable to that in CDM because

CDM GroupSIDM-70 GroupSIDM-147
1 2089 1 2=0.89 0.74 £ 2=0.89
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FIG. 13. Probability distributions of the concentration [Eq. (A1)]
in our Group zoom-in simulations for CDM (left), GroupSIDM-70

at redshifts z = 0.89 (blue), 0.31 (green), 0.23 (pink), and O (brown)
(middle), and GroupSIDM-147 (right). We include all subhalos with

more than 1000 particles at each snapshot, equivalent to a subhalo mass larger than 4 x 108M .
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FIG. 14. Median 3D density profiles (solid curves) with 16 scatter (shaded regions) for subhalos of mass 10°-10'°M at z = 0 in the
Group CDM (left), GroupSIDM-70 (middle), and GroupSIDM-147 (right) simulations. The vertical dashed line marks the resolution
limit 2.8¢ = 0.67 kpc.

the subhalo population contains both core-expanded and
core-collapsed systems, whose contributions partially off-
set each other in the median. By contrast, the median
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central density in GroupSIDM-147 is higher, as most
subhalos have progressed to a more advanced stage of
gravothermal collapse.
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