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A B S T R A C T 

We use hydrodynamic cosmological simulations to test the differences between cold and self-interacting dark matter models 
(CDM and SIDM) in the mass range of massive galaxies (10 

12 < M 200 /M � h 

−1 < 10 

13.5 ). We consider two SIDM models: one 
with constant cross-section σ/m χ = 1 cm 

2 g 

−1 and one where the cross-section is velocity-dependent. Despite a weak trend 

in mass, we find that with the inclusion of baryons the differences between SIDM and CDM density profiles observed in the 
dark-matter-only case are almost erased. We also search for signatures of SIDM in the distribution of strong lensing Einstein 

radii and find that the distributions derived from CDM and SIDM hydro runs are both comparable to observational samples 
of strong lenses. We find that, looking at the total matter distribution, the interplay between self-interactions and baryons can 

greatly reduce the expected differences between CDM and SIDM models at this mass scale, making the discrimination between 

these DM models challenging. Ho we ver, looking at the dark matter/baryonic fractions in the inner region of the haloes we show 

that the deviations of SIDM from CDM can still be found considering these components separately. These results highlight that 
one of the most promising paths to discriminate between CDM and SIDM is to focus on techniques able to distinguish between 

the dark matter and baryonic components in galaxies and clusters. 

Key words: gravitational lensing: strong – methods: numerical – galaxies: elliptical and lenticular, cD – galaxies: haloes – X–
rays: galaxies – dark matter. 
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 I N T RO D U C T I O N  

he dominant hypothesis for the formation and evolution of cosmic 
tructure in our Universe is the � cold dark matter ( � CDM)
odel, in which dark matter (DM) particles are non-relativistic 

nd collisionless. This standard model is able to explain several 
undamental properties of galaxy formation and evolution (Frenk & 

hite 2012 ; Vogelsberger et al. 2014 ) and it predicts the spectrum of
atter fluctuations in the early Universe with exceptional accuracy 

Aghanim et al. 2020 ). Ho we ver, the absence of experimental
vidence of collisionless cold dark matter (CDM) particles (Arcadi 
t al. 2018 ), and the fact that N -body simulations based on CDM
odels presented some discrepancies with observed quantities – such 

s the missing satellites (Klypin et al. 1999 ), core-cusp (Moore 1994 ),
iversity (Oman et al. 2015 ), and T oo-Big-T o Fail (Boylan-Kolchin
t al. 2011 ) problems – generated interest in alternative DM models. 
he inconsistencies between simulations and observations have been 

n part mitigated with the inclusion of baryonic effects in simulations
nd with the disco v ery of new faint satellites in the Milky Way
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Bechtol et al. 2015 ; Drlica-Wagner et al. 2015 ). Ho we ver, it is still
ncertain if this is sufficient to bring the simulated CDM predictions
ompletely in agreement with observations or if the discrepancies 
oint us in the direction of a DM model different from CDM
Bullock & Boylan-Kolchin 2017 ). One possibility, first introduced 
y Spergel & Steinhardt ( 2000 ), is that DM is not collisionless,
ut has self-interactions in addition to gravity. DM self-interactions 
an have an impact on the macroscopic characteristics of haloes, 
lleviating some of the issues that emerge in a collisionless CDM
cenario, while leaving the properties on large scale unchanged. In 
articular, self-interactions can flatten the centrally peaked cusps 
n the inner regions of galaxies and disturb the growth of dense
atellite galaxies, thus potentially solving the core-cusp and too- 
ig-to-fail issues (Vogelsberger et al. 2012 ; Elbert et al. 2015 ).
ecently, self-interacting dark matter (SIDM) has received new 

ttention thanks to the numerical developments that no w allo w us
o accurately simulate these scenarios, modelling elastic or inelastic 
article scattering, constant or velocity-dependent self-interaction 
ross-section or more exotic variations (Vogelsberger et al. 2012 ; 
ocha et al. 2013 ; Kaplinghat, Tulin & Yu 2014 ; Vogelsberger et al.
016 ; Sameie et al. 2018 ; Robertson et al. 2018b ; Despali et al. 2019 ;
aplinghat, Valli & Yu 2019 ; Lo v ell, Zavala & Vogelsberger 2019 ;
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ogelsberger et al. 2019 ; Kaplinghat, Ren & Yu 2020 ; Sameie et al.
020 ; Robertson et al. 2021 ). 
Observational constraints on the self-interaction cross-section can

iffer significantly, depending on the considered scale. For exam-
le, the distribution of DM in dwarf galaxies requires a cross-
ection σ/m > 0 . 5 cm 

2 g −1 (Elbert et al. 2015 ), while from the
llipticity of elliptical galaxies it was deduced that σ/m ≤ 1 cm 

2 g −1 

Peter et al. 2013a ) and strong lensing arc statistics in galaxy clusters
llow σ/m < 0 . 1 cm 

2 g −1 (Mene ghetti et al. 2001 ). Giv en these
isparities on different scales, a constant cross-section compatible
ith cluster scale limitations is unable to appreciably lower the

entral density of dwarf galaxies (Zavala et al. 2013 ; Fry et al. 2015 ).
s a result, there has been a surge in interest in SIDM models
ith velocity-dependent cross-sections, that is, a cross-section that
ecreases with increasing relativ e v elocity of the particles. The
f fecti ve cross-section in dwarf galaxies can then be several orders of
agnitude bigger than in cluster-sized haloes, bringing constraints

n different scales into agreement (Zavala & Frenk 2019 ; Correa
021 ; Yang, Nadler & Yu 2023 ). Ho we ver, the majority of this
rior research has relied on simulations that do not include the
hysics of baryons (i.e. DM-only simulations.) Recent works are
nstead starting to model the interplay between self-interactions and
aryonic physics, finding that previous predictions based on DM-
nly simulations need to be updated. At the scale of (massive)
alaxies, rele v ant for our work, Sameie et al. ( 2018 ) and Elbert
t al. ( 2018 ) used simulations of isolated galaxies to show that the
ross talk between SIDM and baryons produces a wide range of
alo profiles, depending on how centrally concentrated the baryonic
omponent is. Despali et al. ( 2019 ) ran full-hydrodynamic zoom-
n simulations of nine haloes hosting massive galaxies, finding
hat SIDM haloes can be be both cored and cuspy, depending on
alo mass, morphological type, as well as the halo mass accretion
istory. Moreo v er, the same simulations show that CDM and SIDM
alo shapes are similar when baryons are included (Despali et al.
022 ) and thus σ/m = 1 cm 

2 g −1 is not yet excluded, revising the
onstraints from Peter et al. ( 2013a ). Robertson et al. ( 2018a , b ,
021 ); Shen et al. ( 2022 ) have studied the effect of SIDM on
he density profiles of galaxy clusters, also concluding that the
nclusion of baryons reduces the difference between CDM and SIDM
redictions. These results show that the inclusion of baryons in
imulations can have a strong impact on the final properties of haloes
n SIDM cosmologies, similarly to what has been demonstrated in
DM simulations, meaning that some constraints must be revisited
ith new more realistic runs. 
We choose the mass range of massive galaxies to compare

ith previous predictions (Despali et al. 2019 ) and observational
esults (Auger et al. 2010 ; Barnab ̀e et al. 2011 ; Cappellari et al.
013 ; Sonnenfeld et al. 2013 ; Lo v ell et al. 2018 ) at the scales of
lliptical galaxies. At redshift z > 0, elliptical galaxies are the
ypical strong lenses: gravitational lensing is the most accurate
echnique to measure the total mass distribution of galaxies and
lusters and thus it is especially rele v ant in the study of alternative
M models. We thus study both the properties of local galaxies

t z = 0 and of their counterparts at z = 0.5 and z = 1. In the
ontext of SIDM, some of the most stringent constraints on the self-
nteraction cross-section (Miralda-Escud ́e 2002 ; Peter et al. 2013b )
although revisited adding the effect of baryonic physics by Despali

t al. ( 2022 ) – have been derived in this re gime, giv en that the
asses of lens galaxies can be measured directly. We select haloes

osting massive galaxies (10 12 M � h −1 < M 200 < 10 13.5 M � h −1 ) in a
osmological box from Robertson et al. ( 2021 ) to study the interplay
etween baryonic physics and SIDM and test the results by Despali
NRAS 524, 1515–1528 (2023) 
t al. ( 2019 ) on a much larger sample. We analyse the properties
f massive galaxies in three scenarios: the standard CDM and two
IDM models, with a constant cross-section σ/m = 1 cm 

2 g −1 or a
elocity-dependent cross-section. The paper is structured as follows.
n Section 2 , we describe the simulations and the halo selection. In
ection 3 , we present our results on the halo density profiles and
oncentration: we study the structure of haloes, in terms of their total
nd DM density profiles, we calculate the best fit Einasto parameters
nd discuss the resulting concentration–mass relations. We then
iscuss observable properties that could be used to distinguish CDM
rom the alternative models considered here, that is, DM fractions
Section 4 ) and the sizes of the strong lensing signal (Section 5 ).
inally, we summarize our results and draw our final conclusions in
ection 6 . 

 SI MULATI ONS  

he simulations used in this work were first presented in Robertson
t al. ( 2021 ) and are part of the extended family of EAGLE
imulations (Schaye et al. 2015 ). These are cosmological hydro-
ynamical simulations of galaxy formation run with the GADGET-3
ode (Springel 2005 ) and a galaxy-formation model that includes
as cooling, star formation, and feedback from both stars and active
alactic nuclei. 

Here we use a set of six runs in total, which simulate the same
olume of V = (50 cMpc) 3 (L050N0752) keeping the EAGLE
alaxy formation model fixed, but in CDM and two SIDM models:
ne with constant cross-section σ/m = 1 cm 

2 g −1 and one with
 velocity-dependent cross-section. The simulations follow N =
52 3 DM particles and an (initially) equal number of gas particles.
he DM mass resolution is m DM 

= 1.43 · 10 7 M � h −1 , while the
aryonic resolution is m g = 2.67 · 10 6 M � h −1 . The spatial resolution,
hat is, the Plummer-equi v alent gravitational softening length is
= 1 . 03 kpc h 

−1 . The cosmological parameters derived from the
lanck data (Planck Collaboration et al. 2014 ) are used: �m = 0.307,
� 

= 0.693, �b = 0.0483, σ 8 = 0.83, and h = 0.6777. 
The implementation of DM self-interactions used in the SIDM

imulations is presented in Robertson, Massey & Eke ( 2017 ) and
ts integration into the EAGLE simulations discussed in Robertson
t al. ( 2018b ). The velocity-dependent cross-section is described
y three parameters: the DM mass m χ , the mediator mass m φ , and
 coupling strength αχ . The model corresponds to DM particles
cattering through a Yukawa potential and the differential cross-
ection is 

dσ

d�
= 

α2 
χ

m 

2 
χ ( m 

2 
φ/m 

2 
χ + v 2 sin θ2 ) 

2 
, (1) 

here v is the relative velocity between two DM particles and θ is the
olar scattering angle. By defining ω ≡ m φc / m χ as a characteristic
elocity below which the scattering is roughly isotropic with σ ∼ σ 0 

nd abo v e which the cross-section decreases with increasing velocity,
he cross-section can be written as 

dσ

d�
= 

σ0 

4 π (1 + 

v 2 

ω 2 
sin θ2 ) 

2 
. (2) 

he velocity-dependent model considered here, already used in
obertson et al. ( 2018b ), adopts m χ = 0 . 15 GeV , m φ = 0 . 28 keV 

nd αχ = 6.74 × 10 −6 , corresponding to σ0 = 3 . 04 cm 

2 g −1 , ω =
60 km/s. 
We disentangle the effect of baryons and SIDM by comparing the

M-only and hydrodynamic versions of the same boxes. Throughout
he paper, we label the full-hydrodynamic simulations run with a‘b’ to
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Table 1. Number of haloes in the three bins in mass (Low Mass, Intermediate 
Mass, and High-Mass) in each of the six considered boxes (both DM-only 
and full-hydrodynamic simulations). 

Low Mass Int. Mass High Mass Tot 

log 
(

M 200 
M �h −1 

)
[12,12.5] [12.5,13] [13,13.5] [12,13.5] 

CDM 99 37 17 153 
CDMb 83 32 14 129 

z = 0 SIDM1 99 38 17 154 
SIDM1b 83 32 13 128 
vdSIDM 94 38 17 149 

vdSIDMb 87 31 15 133 
CDM 112 35 11 158 

CDMb 94 31 10 135 
z = 0.5 SIDM1 112 35 11 158 

SIDM1b 96 31 10 137 
vdSIDM 113 34 11 158 

vdSIDMb 94 32 10 136 
CDM 94 31 5 130 

CDMb 80 27 4 111 
z = 1 SIDM1 95 31 5 131 

SIDM1b 80 28 4 112 
vdSIDM 97 31 5 133 

vdSIDMb 82 28 4 114 
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Figure 1. Total stellar mass as a function of the ef fecti ve radius of the central 
galaxy for the considered sample of haloes in the hydrodynamic runs at z = 

0. We compare them with the galaxies simulated (at z = 0.2) by Despali et al. 
( 2019 ). The distribution at the other two considered redshifts ( z = 0.5, 1) is 
similar. The ef fecti ve radius is calculated as the radius enclosing half of the 
stellar mass. 

Figure 2. Top panel: masses of matched systems in full-hydrodynamic 
simulations at z = 0; in blue matched system between CDMb and vdSIDMb, 
in red matched systems between CDMb and SIDM1b. The black dotted 
line represents the bisector. Central panel: M SIDM1b / M CDMb . Bottom panel: 
M vdSIDMb / M CDMb . 
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istinguish them from their DM-only counterparts: CDM and CDMb, 
IDM1 and SIDM1b, vdSIDM and vdSIDMb. These simulations and 
M models have already been analysed in Robertson et al. ( 2021 )

o look at the density profiles of clusters of galaxies in CDM and
IDM models and in Bondarenko et al. ( 2021 ) to analyse how SIDM
ffects behave over a wide range of mass scales. 

.1 Halo selection 

he haloes are identified by SUBFIND , following the Friends-of- 
riends (FOF) algorithm, with a linking length of b = 0.2 (Davis
t al. 1985 ). We adopt M 200 as our definition of halo mass (i.e. the
orresponding radius R 200 encloses 200 times the critical density 
c ( z)) and we select systems with masses 10 12 M �h 

−1 < M 200 <

0 13 . 5 M �h 

−1 . Throughout the paper, we split our sample into
hree mass bins: 12.0 < log ( M 200 /M � h −1 ) < 12.5 (Low Mass),
2.5 < log ( M 200 /M � h −1 ) < 13.0 (Intermediate Mass), and 13.0 <
og ( M 200 /M � h −1 ) < 13.5 (High Mass – up to the largest mass found
n the box). The number of selected haloes in each mass bin and
imulation is listed in Table 1 . Fig. 1 shows the galaxy properties
f the considered sample at z = 0 in the M ∗ − r eff plane, together
ith the sample simulated in Despali et al. ( 2019 ), demonstrating the

xtended statistics of this work. 
We study the summary properties of haloes, but we also compare 

ndividual systems to their counterparts across models. In order to 
dentify the same objects in the six boxes, we match the position
f the centre of mass of each halo. We check that the distance
etween the matched haloes is smaller than their virial radius, that 
s, d min / r vir < 1. Fig. 2 shows the masses of matched haloes at z =
. Most of the haloes are distributed on the bisector, showing that
orresponding systems have comparable masses and that matches 
ave been correctly identified. 

 H A L O  PROFILES  A N D  C O N C E N T R AT I O N S  

n this Section, we measure the density profiles and concentrations 
f the haloes in all runs and discuss the impact of SIDM and baryons.
he influence of self-interactions on DM density profiles has been 
he driving force behind the field: the primary signature of SIDM is
 decrease in the DM density in the central regions of haloes, due to
he formation of a core. Ho we ver, pre vious works have demonstrated
hat this effect can be mitigated or even reversed in the presence of a
ense baryonic component (Sameie et al. 2018 ; Despali et al. 2019 )
nd in the event of gravitational core-collapse. 

.1 Method 

e calculate the spherically averaged total and DM density profiles 
f individual haloes in each of the six runs (see Section 2 ). We
ompute the density ρ i in 30 logarithmically spaced spherical shells 
n the radial range from r = 1 kpc h 

−1 to the mean R 200 of each mass
in. The softening length of the simulations ( ε = 1 . 03 kpc h 

−1 ) is
imilar to the minimum considered radius. 
MNRAS 524, 1515–1528 (2023) 
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M

Figure 3. The Einasto shape parameter αE for individual simulated haloes 
in different simulations. The empty points represent the best fit values for 
DM-only runs with each DM model, while the filled points correspond to the 
full-hydrodynamic simulations. The horizontal dotted line is fixed at αE = 

0.16. 
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We test four different fitting formulae, namely NFW (Navarro et al.
997 ), Einasto (Einasto 1965 ), Burkert (Burkert 1995 ), and Zavala
Zavala et al. 2013 ) profiles – the latter is similar to the Burkert profile
ut with two scale radii. In the DM-only version, the standard NFW
rofile cannot reproduce cored profiles, while the SIDM haloes are
ell described by profiles explicitly characterized by a core radius as

he Burkert profile or the three-parameter formula defined by Zavala
t al. ( 2013 ). In hydro runs, the Zavala profile is a good fit for SIDM
aloes, while the Burkert profile fails to reproduce the cuspy density
istribution. We find that the Einasto profile can instead well describe
ll our runs. This is defined as 

( r) = ρ−2 exp 

{
− 2 

αE 

[(
r 

r −2 

)αE 

− 1 

]}
, (3) 

here r −2 and ρ−2 are respectively the radius and the density at which
( r ) ∝ r −2 , while αE is the shape parameter. For this reason, in the rest
f this work, we present results calculated with the Einasto profile
nly, leaving a more detailed discussion of the other fitting formulae
o Appendix A . In particular, we fit both the average profiles and
ach individual halo and we calculate the halo concentration as c 200 

 r 200 / r −2 . 

.2 Individual density profiles 

or each halo, we perform the Einasto fit twice, both leaving the
hape parameter free to vary and fixing it to a gi ven v alue of αE 

 0.16, as proposed in previous works (Springel et al. 2008 ). The
inasto profile with αE = 0.16 is a good fit to CDM haloes and all

ull-hydro runs, but it fails to reproduce the central core the DM-only
IDM runs, generating exceedingly large scale radii. Fig. 3 shows the
istribution of the best fit values of αE as a function of mass for haloes
t z = 0. In the DM-only runs, αE is higher in SIDM1 and vdSIDM
red and blue empty squares) than in CDM (black empty circles),
ue to the presence of the central core. Instead, when baryons are
ncluded the best fit values are similar in all models (black, blue, and
ed filled symbols) and closer to αE = 0.16 : this means that in presence
f the baryonic component an Einasto profile with only two free
arameters can be used, reducing the number of parameters of the
t. 
NRAS 524, 1515–1528 (2023) 
This result is interesting in comparison to the profiles analysed
y Eckert et al. ( 2022 ), who performed a similar analysis on the
AHAMAS-SIDM cluster-scale simulations (McCarthy et al. 2016 ;
obertson et al. 2018a ). For M 200 > 10 14 M � and for the same self-

nteracting model with constant cross-section, they found a higher αE 

0.4, while only a lower cross-section σ / m = 0.1 cm 

2 g −1 is required
o have the same slope as in CDM at these scales. 

.3 Mean density profiles 

e start from the haloes at z = 0 and for each mass bin we calculate
he best-fitting Einasto profile on the mean density profile. This is
xplicitly computed as the sum of the density on the same spherical
hell of each halo, divided by the number of haloes in the respective
ass bin. The Einasto best fit parameters for the mean density profile,

ound as the values that minimize the sum of the squared residuals
f log ( ρmodel ) − log ( ρ i ), and related uncertainties can be found in
able 2 . 
The results are shown in Fig. 4 for all models: CDM in black,

IDM1 in red, and vdSIDM in blue. Here we show the total density
rofile, including both the baryonic and DM components in the full-
ydro runs. Each column shows the results for a given mass bin,
ith solid (dashed) lines standing for full-hydro (DM-only) runs. In

he residual panels we plot the ratio between the SIDM and CDM
rofiles in each run. Finally, the gray shaded region represents the
 σ uncertainty on the ratio between the stacked profiles. 
In DM-only simulations, we reco v er the well-known trend of

IDM1 (and vdSIDM) haloes forming a central core: the central
ensity ( r ≤ 10 kpc h 

−1 ) is lower by 50 per cent or more compared
o the CDM case. In the full-hydro runs, the presence of baryons
ounteracts the core formation. Given that this effect is stronger for
IDM, baryonic physics almost erases the differences between CDM
nd SIDM total profiles, as can be seen by comparing the two residual
anels of each case in Fig. 4 . The effect is analogous at higher redshift
see the coloured curves again in the residual panels, representing

aloes at z = 0.5 (green) and z = 1 (purple). The ratios at different
edshifts remain almost constant: the effects of self-interactions are
lmost redshift-independent, in all runs, suggesting that they depend
rimarily on halo mass and not on redshift. 
Our results point in the same direction as previous studies (Sameie

t al. 2018 ; Despali et al. 2019 ; Robertson et al. 2021 ) and can be
nderstood by considering that M ∼ 10 13 M � h −1 corresponds to the
alo mass in which star formation is most efficient, baryons dominate
he inner density profile and the DM nature plays a secondary role. 

Despite this, we find a weak trend with mass 

(i) Low Mass (log [ M 200 /M � h −1 ] ∈ [12.0, 12.5]): the SIDM1b
nd vdSIDMb profiles have a higher density than that of CDMb
 ρSIDM 

/ ρCDM 

> 1) in the central regions. Ho we ver, the dif ference
etween the two models drops to less than 20 per cent. 

(ii) Intermediate Mass (log [ M 200 /M � h −1 ] ∈ [12.5, 13.0]) : the
ifference between the density profiles disappears and the profiles
re almost exactly overlapping ( ρSIDM 

/ ρCDM 

∼ 1). 
(iii) High Mass (log [ M 200 /M � h −1 ] ∈ [13.0, 13.5]): the situation

s reversed and the profiles of SIDM1b and vdSIDMb have a lower
ensity than the profile of CDMb ( ρSIDM 

/ ρCDM 

< 1), but also for this
ass bin the difference between the two DM models is less than 20

er cent. 

The trend with mass mentioned earlier is weaker than that reported
y Despali et al. ( 2019 ), who found steeper SIDM profiles at M 200 ∼
0 12.5 M � h −1 than we do here. Given the halo-to-halo variations of
he density profiles, our larger statistics allows us to better capture
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Table 2. Best fit parameters with Einasto profile for the three mass bins at z = 0, for each simulation: 
ρ−2 is expressed in M � h −1 /( kpc / h ) 3 , r −2 in kpc h –1 , and αE is dimensionless. The errors represent 
1 standard deviations. 

Low mass Intermediate mass High mass 

CDM ρ−2 (4.34 ± 0.66) · 10 6 (3.90 ± 0.72) · 10 6 (2.32 ± 0.34) · 10 6 

r −2 19.96 ± 1.51 30.73 ± 2.68 51.68 ± 3.23 
αE 0.26 ± 0.02 0.28 ± 0.03 0.23 ± 0.02 

CDMb ρ−2 (1.31 ± 0.39) · 10 7 (7.44 ± 2.36) · 10 6 (3.60 ± 1.06) · 10 6 

r −2 11.18 ± 1.75 20.51 ± 3.32 38.01 ± 5.29 
αE 0.15 ± 0.02 0.14 ± 0.03 0.12 ± 0.02 

SIDM1 ρ−2 (2.42 ± 0.33) · 10 6 (1.87 ± 0.27) · 10 6 (1.21 ± 0.14) · 10 6 

r −2 28.13 ± 1.75 47.85 ± 2.80 81.58 ± 3.52 
αE 0.39 ± 0.03 0.46 ± 0.04 0.47 ± 0.03 

SIDM1b ρ−2 (1.89 ± 0.67) · 10 7 (7.35 ± 2.18) · 10 6 (2.41 ± 0.70) · 10 6 

r −2 9.56 ± 1.75 20.97 ± 3.18 46.34 ± 6.21 
αE 0.14 ± 0.02 0.15 ± 0.02 0.13 ± 0.02 

vdSIDM ρ−2 (2.04 ± 0.28) · 10 6 (1.61 ± 0.22) · 10 6 (1.12 ± 0.14) · 10 6 

r −2 31.09 ± 1.84 52.13 ± 2.88 85.70 ± 3.77 
αE 0.43 ± 0.04 0.50 ± 0.04 0.50 ± 0.03 

vdSIDMb ρ−2 (1.91 ± 0.67) · 10 7 (8.48 ± 2.84) · 10 6 (2.37 ± 0.67) · 10 6 

r −2 9.42 ± 1.72 19.66 ± 3.4 45.98 ± 6.00 
αE 0.14 ± 0.02 0.16 ± 0.03 0.13 ± 0.02 

Figure 4. Top: fit of the total density profiles with CDM and SIDM1 models for both DM-only (dashed lines) and full-hydrodynamic (solid lines) simulations, 
at z = 0. The fit is performed on the mean profile of each bin. Bottom: ratio between the two models for the total and the DM-only profiles: ρSIDM 

/ ρCDM 

. Each 
colour represent the ratio between the profiles at different redshifts: black for z = 0, green z = 0.5, and purple for z = 1. For the High Mass bin, we do not 
show the profiles at z = 1, since we do not have enough haloes to perform a robust fit. The gray shaded regions show the 1 σ uncertainties calculated on each 
mass bin and propagated on the ratios between the stacked profiles at z = 0. The first density value is calculated at r = 1 kpc h −1 , therefore similar to the spatial 
resolution (softening length ε = 1 . 03 kpc h −1 ). The mass bins are (columns from left to right), Low Mass: log ( M 200 /M � h −1 ) ∈ [12.0, 12.5], Intermediate Mass: 
log ( M 200 /M � h −1 ) ∈ [12.5, 13.0], and High Mass: log ( M 200 /M � h −1 ) ∈ [13.0, 13.5]. 
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M

Figure 5. Zoom of the central region ( r ≤ 10 kpc h −1 ) of the baryonic (solid lines) and DM mean density profiles, for both full-hydro (dashed lines) and 
DM-only (dotted lines) runs at three different redshift for CDM (top row) and SIDM1 (bottom ro w). Dif ferent colour refer to the different mass bins. The 
middle panels show the ratio between the baryon density and DM density in full-hydro simulations ( ρb / ρDM 

). The bottom panels show the ratio between the 
DM components in full-hydro and DM-only runs ( ρDM 

/ ρonly ). 
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he properties of the entire population and a v oid selection biases that
an affect small samples. We also point out that the interplay between
aryons could be different when using the EAGLE (as we do here)
r TNG (as in Despali et al. 2019 ) galaxy formation models, causing
ystematic differences between the results. 

In order to better understand the origin of the similarity between
he profiles, we now analyse the profiles of DM and baryons in
ig. 5 . The Figure shows the evolution with redshift of inner part of

he baryonic (solid lines) and DM mean density profiles, for both full-
ydro (dashed lines) and DM-only (dotted lines) runs. The middle
anels show the ratio between the baryon density and DM density in
ull-hydro simulations ( ρb / ρDM 

). In CDM we find that the ratios of
he three mass bin follow the same evolution with redshift leading
o the final cuspy profile at z = 0 independently of the halo masses.
n SIDM, while the Low Mass bin behaves similarly to the CDM
ase, the ratios for the Intermediate Mass bin and even more for the
igh Mass bin have higher values than CDM and a steep increase
ith redshift. These results can be related to the formation history
f the halo as it has been done in Despali et al. ( 2019 ). The Low
ass haloes form at higher redshift and the self-interactions started

o act at earlier time, but then the baryons dominate the evolution
f the density profile and the interplay between baryons and DM
eads to the final cuspy profile, acting similarly as in CDM scenario.
lternatively, the High Mass haloes formed at lower redshift and

hus we see them at the stage in which the self-interaction is acting
n the central regions, leading to lower DM density than for the Low

ass haloes, thus higher ratios. 
The bottom panels show instead the ratio between the DM

omponents in full-hydro and DM-only runs ( ρDM 

/ ρonly ). We find
NRAS 524, 1515–1528 (2023) 
hat the presence of a central baryonic component contracts the halo
n the inner region in both models, ho we ver while in CDM ρDM 

/ ρonly 

1.5, the effect is much stronger in SIDM with ρDM 

/ ρonly > 5.0. 
This last result clarifies why the density profile in the full-hydro

uns are similar to each other, while it is the connection between halo
ass and formation history that explains the trend with mass that we

ound here. 

.4 Concentration–mass relation 

he profiles of individual systems can deviate from the mean profiles
hown in Fig. 4 : the halo-to-halo variation can be characterized by
eans of the distribution of halo concentrations (Navarro et al. 1997 ;
uffy et al. 2008 ; Dutton & Maccio 2014 ; Schaller et al. 2015 ). We
ow use the fits to individual haloes to calculate the distribution
f concentrations. We then define the concentration–mass ( c − M )
elation as 

log ( c 200 ) = A − B log ( M 200 / M �h 

−1 ) , (4) 

nd find the best fit values ( A , B ) for each considered model. These
re listed in Table 3 , together with their 1 σ uncertainties. We plot the
est fit concentration–mass relations for each considered model and
edshift in Fig. 6 . In the DM-only runs, the three c − M relations are
ssentially parallel to each other: the core creation induced by self-
nteractions reduces the halo concentration similarly for all haloes.
his is e xpected, giv en that the concentration is potentially ill-defined

or cored profiles, where the core in practice modifies the location
f r −2 . Ho we ver, this does not af fect the hydro runs, gi ven that the
rofiles are similar to the CDM model. In this case, although the



Galaxies in SIDM 1521 

Table 3. The linear best fit parameters of concentration–mass relations for 
each model at different redshifts: log ( c 200 ) = A − B log ( M 200 ). See also 
Fig. 6 . 

z = 0.0 z = 0.5 z = 1.0 

CDM A 2.42 ± 0.22 2.04 ± 0.54 2.70 ± 0.53 
B 0.11 ± 0.02 0.08 ± 0.04 0.14 ± 0.04 

CDMb A 5.91 ± 0.39 9.27 ± 2.18 18.14 ± 2.61 
B 0.37 ± 0.06 0.67 ± 0.16 1.2 ± 0.2 

SIDM1 A 2.56 ± 0.11 2.05 ± 0.28 2.15 ± 0.30 
B 0.13 ± 0.01 0.10 ± 0.02 0.11 ± 0.02 

SIDM1b A 8.23 ± 0.53 13.01 ± 2.72 23.35 ± 7.56 
B 0.55 ± 0.04 0.94 ± 0.21 1.77 ± 0.60 

vdSIDM A 2.24 ± 0.09 1.75 ± 0.24 1.61 ± 0.30 
B 0.11 ± 0.01 0.08 ± 0.02 0.07 ± 0.02 

vdSIDMb A 9.34 ± 0.99 12.20 ± 1.63 26.59 ± 5.97 
B 0.63 ± 0.08 0.87 ± 0.13 2.04 ± 0.47 
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catter in the relations is higher than in the DM-only runs (shaded
egions in Fig. 6 ), the SIDMb c − M relations are instead steeper
han in CDMb: haloes show a greater diversity of profiles and the c −
 trend is consistent with the trend in mass described in Section 3.3 .
easuring the c − M relation o v er a larger range in mass and in a

arger simulation box will be essential to confirm this difference in 
lope. 

For comparison, the concentration–mass relation of Dutton & 

accio ( 2014 ), based on DM-only simulations of a � CDM model
ith the same cosmological parameters as ours (Planck Collaboration 
igure 6. Concentration–mass relation at z = 0, 0.5 and 1 (panels from left to righ
lack, red, and blue dashed lines show the best-fitting relation for the CDM, SID
tacked values o v er different bins in mass (each containing at least two haloes). Th
s not shown since it is similar to SIDM1). The solid green lines are the best fit re
IDM models and CDM model c SIDM 

/ c CDM 

for both full-hydro and DM-only relat
t al. 2014 ), is shown as a green solid line in Fig. 6 . Co v ering a
ide-mass range 10 10 ≤ M/ M �h 

−1 ≤ 10 15 and fitting an Einasto
odel to estimate the concentration, they obtained [ A , B ] = [2.48,

.12], [2.29, 0.12], and [1.97, 0.10], for z = 0 , z = 0 . 5 , and z = 1,
espectively. Although these results differ slightly from ours due 
o the different mass range and the different radial ranges used to
erform the fits, they are consistent, within 1 σ , with the CDM
oncentration–mass relation that we find here. 

 D M  FRAC TI ONS  

 direct consequence of the different composition of the central 
art of haloes is a systematic difference in the DM fraction, that
an be lower in self-interacting models with respect to CDM. In this
ection, we attempt a comparison of the simulated DM fractions with
bservational results and we discuss the possibility of using observed 
ractions to discriminate between the DM models considered here. 

e find that there are no substantial differences between the two
imulated SIDM models o v er the halo mass range considered here.
his is due to the functional form of the velocity-dependent cross-
ection, which produces σ/m ∼ 1 cm 

2 g −1 for M ∼ 10 13 M � h −1 

see Robertson et al. 2021 , for more details). For this reason, in
he remainder on this work we show results only for the CDM and
IDM1 models. 
Previous numerical works (e.g. Lo v ell et al. 2018 ) hav e calculated

he DM fraction, or conversely the baryon fraction, in the central
egions of simulated haloes and compared it to observational results 
rom lensing (Auger et al. 2010 ; Barnab ̀e et al. 2011 ; Sonnenfeld
MNRAS 524, 1515–1528 (2023) 

t). Top row: full-hydro simulations. Bottom row: DM-only simulations. The 
M, and vdSIDM runs, respectively. The best fit has been performed on the 
e shaded regions show the scatter in each of these bins (the vdSIDM scatter 
lation from Dutton & Maccio ( 2014 ). Bottom subpanels: ratio between the 
ions. 
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Figure 7. Fraction of enclosed DM mass, f DM 

, as a function of radius, for each mass bin (different colours) and for the CDMb (solid lines) and SIDM1b (dashed 
lines) runs. Results for z = 0, z = 0.5, and z = 1 are shown from left to right. Top panels: intrinsic 3D DM fraction. Bottom: projected DM fraction, calculated 
by averaging over three different viewing angles for each halo. For each angle we measure the DM fraction in concentric cylindrical coronae. 
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Figure 8. Normalized distribution of simulated DM fractions in the CDMb 
and SIDM1b models. In the top panel, we show the 3D DM fraction f DM 

within the ef fecti ve radius r eff , at z = 0, while in the bottom panel we show 

instead the projected DM fraction at z = 0.5. 
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t al. 2013 ), Jeans modelling (Tortora et al. 2012 ), and surv e y data
Cappellari et al. 2013 ), among others. Observed DM fractions span
 wide range of values, depending on the methods and models used
o derive them, and they can appear inconsistent with predictions
rom numerical simulations and with each other. This could be due
o a number of reasons, including the details of the IMF model, and
he techniques and apertures used for the measurements: it can thus
e tricky to reproduce exactly the same measurement procedures
n simulations and observations. Moreo v er, simulated values also
trongly depend on the adopted galaxy formation model and on its
mpact in the inner region of the halo. Ho we ver, another possibility
s that DM models different from CDM could be a better match to
bservational measurements. Here we test this hypothesis for the
ase of SIDM1: even in the presence of a bias between observed
nd simulated fractions, we want to test if simulated CDMb and
IDM1b values follow a different distribution. In this respect, it is less

mportant to demonstrate that simulated fractions exactly reproduce
he observed distribution, and instead we search for systematic
ifferences between CDM and SIDM1 simulated values. 
We calculate the intrinsic 3D and projected DM fractions f DM 

s a function of distance from the halo centre for the two hydro
uns (i.e. CDMb and SIDM1b) and the three considered redshifts.
n projection, we use the DM fraction calculated within concentric
 ylindrical coronae, o v er three viewing angles for each halo to
ncrease our statistics. The mean f DM 

profiles are shown in Fig. 7 ,
irectly paralleling the profiles from Fig. 5 . While for the Low
ass bin, CDMb, and SIDM1b predictions are in practice identical,

he highest-mass haloes show central fractions 50 per cent lower
n SIDM1b than CDMb. These results together with what we
ound in Section 3.3 are showing that, although the total density
rofile are almost identical, the DM and baryonic distributions differ
etween models and follow a different evolution with redshift. This
ighlights the necessity of methods able to distinguish between DM
NRAS 524, 1515–1528 (2023) 
nd baryonic components in galaxies and clusters, to discriminate
etween CDM and SIDM. 

Ho we ver, the dif ference is significant only in the inner ∼10 kpc
nd less pronounced in projection (bottom panels). To quantify the
ffect on a scale that is common in observational studies, in Fig. 8
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e plot the normalized distribution of 3D (top panel) and projected 
bottom panel) DM fraction calculated within the ef fecti ve radius of
he central galaxies r eff , defined as the radius that contains half of the
tellar mass. In the simulations, this is simply done considering the 
tar particles, while observations rely on the galaxy light to measure 
he ef fecti ve radius. In Fig. 8 we notice a shift between the two
istributions, with self-interactions causing a more important tail at 
ow fractions and, consequently, a deficit of high values, both in 3D
nd in projection. 

In Fig. 9 , we then compare the same DM fractions to previous
esults, by plotting them as a function of the stellar mass of the
entral galaxy. In the top panel we show instead the projected DM
ractions at z = 0.5, that is, calculated inside a cylinder of aperture
 eff . In this case, for each simulated halo we use three projections that
e treat as independent measurements. We compare these values to 

qui v alent measurements in two samples of gravitational lenses: the 
LACS (Auger et al. 2010 , green stars) and the SL2S (Sonnenfeld
t al. 2013 , blue triangles) lenses. In the bottom panel, we plot the 3D
ractions f DM 

calculated at z = 0 within the ef fecti ve radius r eff as a
unction of stellar mass M ∗ from the CDMb (black dots) and SIDM1b
red squares) runs. The green solid line (and band) shows the results
btained for bulge-dominated galaxies by Lo v ell et al. ( 2018 ) with
he IllustrisTNG runs (here we do not reproduce the same selection 
ased on galaxy type). The different trend in our simulated values 
nd the TNG runs is due to the different ways in which the galaxy
ormation model influences the inner parts of the halo: for example 
o v ell et al. ( 2018 ) finds that the fraction within 5 kpc decrease with

ncreasing halo mass, while this is not the case for the fraction within
he ef fecti ve radius. We then plot observ ational v alues obtained from
i) the analysis of the SLACS sample of gravitational lenses at z <
.3 (Barnab ̀e et al. 2011 , yellow triangles), ( ii ) dynamical modelling
Tortora et al. 2012 , green dashed line), and (iii) elliptical z = 0
alaxies from the ATLAS 3 D surv e y (Cappellari et al. 2013 , blue stars).

From the mean fractions (black and red lines in both main panels),
e notice a different trend of the f DM 

− M ∗ relation: self-interactions
roduce lower DM fractions at the high mass end, and the trend is
e versed at lo w masses. This is consistent with the mass-dependent
ifferences in the density profiles and in the DM fraction profiles,
een in Section 3 . In projection (bottom panel), the difference 
etween the two is smaller and the mean f DM 

is somewhat flatter. 
Finally, the two right panels of Fig. 9 show the normalized distri-

ution of the DM fractions, comparing simulations and observations 
n order to point out sample differences. While the lens sample 
rom Auger et al. ( 2010 ) is consistent with the simulated fractions,
onnenfeld et al. ( 2013 ) and – especially - Cappellari et al. ( 2013 )
erived much lower DM fractions. It is difficult to reproduce exactly 
he distribution measured in observations: possible sources of bias 
nclude the sample selection, the difference between the true value 
f r eff known from simulations and the equi v alent measurement 
rom the data, or the spread in redshift of the observed data points.
evertheless, it is clear that the scatter of observed data points is

arger than that produced by the different DM models: a signature 
f self-interactions on DM fractions exists, but a more detailed 
 v aluation of the observational biases would be required to reach
 definitive conclusion. 

With our measurements, we show that self-interacting models can 
roduce lower DM fractions at the high mass end, widening the 
redicted distribution of f DM 

. Ho we ver, we do not predict values as
ow as some of the observations and thus the difference has to be
earched elsewhere, that is, in biases between predicted and observed 
uantities or in more extreme alternative DM models. If these were 
esolved and measurements were more precise, the offset between 
he f DM 

distributions (Fig. 8 ) could be used to discriminate between
DM and alternative SIDM models. 

 STRO NG  LENSING  EFFECT  

e now investigate the effect of SIDM on the lensing properties of
imulated haloes. Gravitational lensing is one of the most accurate 
echniques to measure the total mass of galaxies and clusters, as well
s their radial distribution. The effect of warm or self-interacting 
M on the mass distribution and thus on the lensing signal of haloes

nd subhaloes has been studied in previous works (Robertson et al.
018a ; Despali et al. 2020 ; Gilman et al. 2020 ; Hsueh et al. 2020 ).
o we ver, the larger number of haloes available in the runs used
ere gives us a chance to derive more precise predictions for the
opulation of massive galaxies. 
Starting from the particle distribution, we create 2D maps of 

he projected mass distribution using the library Py-SPHViewer 
Benitez-Llambay 2015 ), as done by Meneghetti et al. ( 2020 ) (see
lso Meneghetti et al. 2022 ). From these, we calculate the lensing
onvergence κ - the Laplacian of the lensing potential – with the 
yLensLib library (Meneghetti 2021 ). The value of the lensing 
onvergence determines by how much the background sources appear 
agnified on the lens plane. In practice, the convergence is defined

s a dimensionless surface density and so ef fecti vely corresponds to
 scaled projected mass density, characterizing the lens system. It 
an be written as 

( x ) = 

�( x ) 

� crit 
, with � crit ≡ c 2 

4 πG 

D S 

D LS D L 
, (5) 

here � crit is the critical surface density and D L , D S , and D LS stand
or the angular diameter distance to the lens, to the source, and
etween the lens and the source, respectively . Finally , as an estimate
f the lensing power of each halo, we calculate the size of the largest
ritical curve of each system, that is, the region of the plane where
he magnification is formally infinite, corresponding to the region 
here the lensed images form. A massive galaxy can have more

han one primary critical line if the system is composed of multiple
ass components. Our criterion to identify the primary critical lines 

s based on the size of the ef fecti ve Einstein radius: gi ven a critical
ine enclosing the area A c , the Einstein radius can be calculated as
E = 

√ 

A c /π . 
We repeat this process for all runs using three projections per halo

the same used to calculate the projected DM fractions), in order to
ncrease the sample size. The resulting distributions of Einstein radii 
E are shown in Fig. 10 : in the two panels, we show the results of two
ifferent choices of lens and source redshift that reproduce common 
bserved g alaxy–g alaxy lensing configurations. The haloes used to 
reate the lensing convergence have been selected from the snapshot 
hat correspond to the lens redshift, while the source redshift is used
n the calculation of D S and D LS and thus influences the convergence.

From the distributions, it is clear how the similarity between 
he halo profiles in the hydro runs propagates into similarities in
heir lensing properties, in comparison to the DM-only runs (empty 
ashed histograms). Counter-intuitively, a small shift between the 
wo distributions can be seen (especially in the right hand panel),
roducing a lack of small Einstein radii in SIDM1. This fact is a
esult of the different slope of the concentration–mass relations: the 
east massive haloes in our sample are more concentrated in SIDM1b
han in CDMb and thus produce a stronger lensing ef fect. Ho we ver,
his does not influence the high- θE end of the distribution, dominated
y massive galaxies. 
MNRAS 524, 1515–1528 (2023) 
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Figure 9. Comparison to observational results at z = 0.5 (top panels) and z = 0. (bottom panels). In the top-left panel, we show instead the projected DM 

fraction at z = 0.5, compared to values derived with gravitational lensing for the SLACS (Auger et al. 2010 , green stars) and SL2S (Sonnenfeld et al. 2013 , 
blue triangles) samples. For the simulated data we consider three different projections per halo. In the bottom-left panel, we plot the z = 0 3D DM fraction f DM 

within the ef fecti ve radius r eff , measured in the two hydro runs as a function of the galaxy stellar mass; the CDMb and SIDM1b distributions are represented by 
the black circles and red squares, respectively, together with their corresponding 1 σ (shaded) region. We compare them with results from previous works based 
on simulations (Lo v ell et al. 2018 , the TNG runs) or observations of Early-Type galaxies with: gravitational lensing (Barnab ̀e et al. 2011 , yellow triangles), 
dynamical (Jeans) modelling (Tortora et al. 2012 , dashed line), and surv e y data (Cappellari et al. 2013 , blue stars). In the smaller subpanels on the right, we 
compare the normalized distributions of simulated and observed fractions to each other. 
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It is worth pointing out that the SIDM1 DM-only run not only
redicts smaller-separation lensed images, but quite often does not
roduce any strong lensing at all. In the left panel of Fig. 10 , the
otal number of critical lines produced in SIDM1 is significantly
ower than in the other three considered models (with a comparable
otal number of objects) and the configuration chosen in the right
NRAS 524, 1515–1528 (2023) 
anel does not produce any critical curves. These results are similar
o the findings from Robertson et al. ( 2018a ) on cluster scales and
emonstrate that a large sample size is essential to obtain reliable
redictions. 
Finally, we compare the distribution of θE that we obtain from

he hydro runs to observed values. In particular, we consider two
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Figure 10. Sizes of the Einstein radii θE from the lensing convergence maps. We plot the distribution of the inferred sizes for the entire sample of haloes in 
the different runs. We consider three different projections per halo and two redshift configurations that corresponds to observed typical cases: lens systems at 
redshift z l = 0.5 and sources at z s = 2.5 (shown on the left panel) and lenses at redshift z l = 1 with sources at z s = 3 (on the right panel). The CDM and SIDM1 
results are shown in black and red, respectively; empty dashed histograms stand for the results of the DM-only runs, while filled histograms show the hydro 
cases. At z l = 1, the SIDM1 DM-only run produces critical curves only in a handful of cases and the θE distribution is thus barely visible in the plot. 

Figure 11. Comparison between the lensing properties of simulated haloes 
and real lens samples. Similarly to Fig. 10 , the black and red filled histograms 
show the distribution of θE calculated from the CDMb and SIDM1b runs, 
respecti vely. Ho we ver, here we use only the systems with a mass M 200 > 

10 13 M � h −1 and we show only the results for z = 0.5 (with z s = 2.5 as 
the source redshift), for a more precise comparison with two observational 
samples. These are the BELLS-Gallery (Ritondale et al. 2019 ) and SL2S 
(Sonnenfeld et al. 2013 ) lens samples, that include massive elliptical galaxies 
at z l ∼ 0.5 and 0.5 ≤ z l ≤ 0.8, with sources at z S ∼ 2.5. We compare the 
normalized distribution of Einstein radii derived in previous works to the 
sizes calculated from our simulations, finding a good agreement. 
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ens samples: the BELLS-Gallery (Ritondale et al. 2019 ) and SL2S
Sonnenfeld et al. 2013 ) lenses, that include massive elliptical 
alaxies at z l ∼ 0.5 and 0.5 ≤ z l ≤ 0.8, with sources at z s ∼ 2.5;
revious works provide us with the inferred values of the Einstein
adius for each system. We thus select haloes at z = 0.5 and with
otal masses M 200 > 10 13 M � h −1 , corresponding to the mass range
f ETGs. Fig. 11 shows the normalized distribution of θE for the two
imulations and the two observed samples. We find a good agreement 
etween the distributions, which is an encouraging indication of the 
act that simulated systems are able to reproduce observed quantities. 

e point out again that, in this work, we do not explicitly select
aloes on the basis of galaxy morphology, while observed lenses are 
ypically elliptical galaxies. Ho we ver, the cut in halo mass allows us
o select the most massive haloes, which most probably host massive
llipticals. 

From Fig. 11 , we conclude that we cannot distinguish between
he cold and self-interacting DM hydro models by looking at the
imulated sizes of the lensed images. This is somewhat in contrast
ith the results from Despali et al. ( 2019 ), who found a different
istribution in the two models. While we cannot exclude that part
f the difference is due to the different code and hydro model used
or the simulations (Gadget with EAGLE model versus Arepo with 
NG model), the main difference between the two is the size of the
onsidered sample: Despali et al. ( 2019 ) used nine galaxies only,
hile here we have more than 100 systems per model and redshift.
oreo v er, the density profiles in Despali et al. ( 2019 ) showed a clear

rend in SIDM with respect to CDM – that is, they were either cored
r more cuspy than their CDM counterparts – while here we observe
 larger range thanks to the impro v ed statistics, more representative
f the entire population. 

 C O N C L U S I O N S  

IDM has become an attracti ve alternati ve to CDM, due to its ability
o produce a wider range of configurations that could solve the
mall-scale CDM problems, leaving the properties on large scale 
nchanged. Ho we ver, these predictions have so far been based on
M-only simulations, while it is essential to understand how the 

nterplay between self-interaction and baryonic effects can further 
odify the properties of haloes. For this purpose, we use the
AGLE cosmological simulations, that simulate the same volume 
f 50 Mpc 3 , in CDM and two SIDM models: one with constant
ross-section ( σ/m = 1 cm 

2 g −1 ) and one with a velocity-dependent 
ross-section. For each model, a DM-only and a full-hydrodynamic 
ersion are av ailable, allo wing us to study the ef fect of baryons and
lternative DM models at the same time. 

We select haloes in the mass range between 10 12 ≤ M 200 /M � h −1 

10 13.5 at z = (0, 0.5, 1). We split our sample into mass bins in order
o compare and average the features of haloes of comparable mass.
o have a sufficient number of haloes for each bin, we divide our
ample into 3 bins: 12.0 < log ( M 200 /M � h −1 ) < 12.5 (Low Mass),
2.5 < log ( M 200 /M � h −1 ) < 13.0 (Intermediate Mass), and 13.0 <
MNRAS 524, 1515–1528 (2023) 
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og ( M 200 /M � h −1 ) < 13.5 (High Mass) – given the volume of the
imulations, we do not find higher masses. 

We analyse the halo density profiles and concentrations, finding
est fit parameters for the Einasto profiles and concentration–mass
elation that describe our data. We proceed by measuring the DM
ractions in the hydro runs and the predicted sizes of lensed images,
f our haloes generated g alaxy–g alaxy lensing events. Further, we
ummarize our main results. 

(i) In agreement with previous work, we find that in DM-only
uns the spherically averaged density profiles of SIDM (SIDM1 and
dSIDM) haloes produce a central core with density lower by 50
er cent (or more) compared to the CDM case. We find that the
nclusion of baryons reduces these differences between the density
rofiles in different DM models (to less then 20 per cent). Despite
his, we find a weak trend with mass of the average final properties of
IDM density profiles in full-hydrodynamic runs: the most massive
ystems show cored profiles, while less massive ones have cuspier
rofiles. This trend is related to the formation history of the halo,
here the more massive haloes formed at lower redshift then the less
assive ones and thus we see them at the stage in which the central

ore is established. 
(ii) We fit the density profiles with the Einasto model and we

epeat the fit twice, that is, leaving the shape parameter αE free to
ary or fixing it to αE = 0.16. We find that the profiles with fixed αE 

ell describe CDM haloes and all full-hydrodynamic runs, but fail
o reproduce the central core for the DM-only SIDM runs (higher
alues are needed). 

(iii) The concentrations of CDM and SIDM haloes, at fixed z,
ecrease monotonically with increasing halo mass. In the DM-only
uns, we find that the c − M relations have a similar slope in all
odels, but SIDM concentrations are lower than CDM ones: the core

reation induced by self-interactions reduces the halo concentration
imilarly for all haloes. In the hydro runs, the SIDM relations are
nstead steeper than in CDM, due to the greater diversity of profiles
nd the dependence on mass found earlier. These differences translate
nto a small shift between the Einstein radius distributions: the least

assive haloes in our sample are more concentrated in SIDM1b than
n CDMb and thus produce a stronger lensing effect. 

(iv) We calculate the DM fractions within the ef fecti ve radius of
he central galaxies r eff and compare them to observational results.

e find that at the high mass end, SIDM models can generate lower
M fractions. Ho we ver, we do not predict values as low as some of

he observations and thus the difference between the distributions of
imulated and observed DM fractions has to be searched for else-
here, that is, in biases between predicted and observed quantities or

n more extreme alternative DM models. Methods able to distinguish
etween the DM and baryonic components in galaxies and clusters,
erforming a so-called ‘mass-decomposition’, constitute one of the
ost promising paths to discriminate between CDM and SIDM. 
(v) We compare the distribution of Einstein radii that we obtain

rom the hydro runs to observed values. We find a good agreement
etween the distributions, which is an encouraging indication of the
act that simulated systems are able to reproduce observed quantities.
o we ver, we conclude that we cannot distinguish between the CDM

nd SIDM hydro models by looking at the simulated sizes of the
ensed images. 

In this work, we have analysed for the first time the properties
f massive galaxies in a cosmological box that includes both self-
nteracting DM and baryons. In agreement with previous works,
e find that the halo properties predicted in SIDM are deeply

nfluenced by the inclusion of baryons. Recently, Eckert et al. ( 2022 )
NRAS 524, 1515–1528 (2023) 
erformed a similar analysis on the BAHAMAS-SIDM cluster-
cale simulations (McCarthy et al. 2016 ; Robertson et al. 2018a ).
hrough a comparison with the density profiles of observed galaxy
lusters, they were able to put an upper limit on the self-interaction
ross-section of σ/m < 0 . 19 cm 

2 g −1 . Here, alternatively, we cannot
xclude the higher value of σ/m ∼ 1 cm 

2 g −1 . In particular, we find
hat the SIDM models considered here cannot be ruled out at the scale
f massive galaxies, contrary to previous claims. Eckert et al. ( 2022 )
lso measured the Einasto shape parameter αE at cluster scales and
ound that (in hydro simulations) it differs in different DM scenarios,
nd can be used to set constraints, while in our case the distribution
f αE is very similar for CDM and SIDM (see Fig. 3 ). This supports
he hypothesis that a self-interacting model with a stronger velocity
ependence could well explain the data on both scales, as recently
uggested by other works (Correa 2021 ; Adhikari et al. 2022 ). It is
undamental to mo v e forward in the field and investigate the interplay
etween baryons and alternative DM models, as it has successfully
een done in the past for the CDM scenario. 
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PPENDI X  A :  FITTING  F O R M U L A E  

n the standard CDM scenario, the DM haloes are well described
y the NFW profile (Navarro et al. 1997 ), which, however, can
ail to reproduce the cored profiles that characterize SIDM haloes. 
ere we test different alternative fitting formulae that have been 
sed in the literature to describe the behaviour of SIDM haloes.
ig. A1 shows the mean SIDM1 density profiles for each mass bin
nd the different parametric best fits performed on these profiles, 
oth for the hydro runs (top panels) and the DM-only runs (bottom
anels). 
We start with two-parameter formulae, namely the standard NFW 

rofile (Navarro et al. 1997 ) and the Burkert profile (Burkert 1995 ): 

B ( r ) = 

ρb r 
3 
b 

( r + r b )( r 2 + r 2 b ) 
. 

he Burkert profile, contrary to the NFW, is characterized by a core
adius and it well describes the SIDM haloes in the DM-only runs
see bottom panels of Fig. A1 ), while it cannot reproduce the more
uspy behaviour in the hydro runs. 

We then perform the fit using three-parameter formulae, namely 
he Einasto profile defined in Section 3 and a parametric profile
roposed by Zavala et al. ( 2013 ): 

( r ) = 

ρ0 r 
3 
s 

( r + r c )( r 2 + r 2 s ) 
, (A1) 

hich is similar to the Burkert profile but with two scale radii. Both
rofiles are able to well characterize the behaviour of SIDM haloes
n both DM-only and hydro runs. Since the best fit parameter for
ach parametric profile have been found as the values that minimize
he sum of the square residuals of log ( ρmodel ) − log ( ρ i ), to select
hich is the one that better describes our simulated haloes, we define

he RMSD of the fit as 

 = 

√ √ √ √ 

1 

N bin − 1 − p free 

N bin ∑ 

i 

( log ( ρmodel ) − log ( ρi )) 2 , (A2) 

here N bin is the number of bin used to perform the fit, p free is the
umber of free parameters, ρmodel is the fitted density distribution, 
nd ρ i the mean density in each bin. Thus defined, Q gives an estimate
f the goodness of the fit: the minimum Q would represent the best-
tting formula. Table A1 reports the values of Q for each formula
oth in DM-only and in hydro runs. For both hydro runs and DM-
nly runs we find that the Einasto profile has the minimum Q , with
he only exception for the High mass bin in the DM-only simulation
or which the Burkert and the Zavala + 13 profiles have slightly lower
 values. Based on these results we decided to fit our haloes using

he Einasto profile. 
The last row of the Table also reports the Q values for an Einasto

rofile with fixed αE = 0.16, thus with only two free parameters: the
esults show that it represents a good fit for SIDM-hydro runs, but it
oes not work well in the DM-only case. 
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M

Figure A1. Different best-fitting relations fitted for the mean SIDM density profiles in the hydro-runs (top row) and DM-only runs (bottom row). Panels from 

left to right refer to Low Mass, Intermediate Mass, and High mass bins. 

Table A1. The Q values as defined in the equation ( A2 ), for each parametric profiles in both hydro and 
DM-only runs. 

Low mass Intermediate mass High mass 

NFW 0.165 0.206 0.175 
Einasto 0.140 0.177 0.137 

SIDM hydro runs Burkert 0.254 0.337 0.375 
Zavala + 13 0.202 0.229 0.184 

Einasto( α = 0.16) 0.139 0.174 0.140 
NFW 0.253 0.333 0.316 

Einasto 0.162 0.188 0.135 
SIDM DM-only runs Burkert 0.172 0.222 0.126 

Zavala + 13 0.173 0.226 0.128 
Einasto( α = 0.16) 0.292 0.374 0.339 
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