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Figure 1. Projected density in a slice of thickness 0.15R200m through the center of two halos with low (left, � = 0.8) and high (right, � = 2.7) mass accretion
rates. The halos have similar masses, Mvir = 1.1 ⇥ 1014 and 1.8 ⇥ 1014 h�1 M� at z = 0. The white lines show Rvir (solid), R200m (dot-dashed), Rsp (dashed)
and Rinfall (dotted; see §3.1 for a detailed description of these radii). Rsp and Rinfall were calculated using the calibrations presented in Section 3.1 rather than
the density profiles of the individual halos shown. Halos with a low mass accretion rate exhibit a caustic at a radius significantly larger than R200m, whereas
fast-accreting halos have Rsp <⇠ R200m (at z = 0). The visualizations were created using the algorithm of Kaehler et al. (2012).

Figure 2. Spherically averaged density profiles (top panels) and their logarithmic slope (bottom panels) of the two halos shown in Figure 1. The slopes were
computed using a profile smoothed with the fourth-order Savitzky & Golay (1964) filter over the 15 nearest bins. The steepening around Rsp is very pronounced
in both profiles, but the profile of the faster accreting halo reaches a steeper slope and at a smaller radius. The vertical lines in the bottom panels mark the same
radii shown in Figure 1 using the same line types, i.e. Rvir, Rsp, and Rinfall (defined as the radius where the mean radial velocity profile of v̄r reaches minimum)
from left to right. For the slower accreting halo (left), the estimate of Equation 5 slightly underestimates the true Rsp. This disagreement is not surprising since
the Rsp of individual halos are expected to scatter around the median relation.
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Figure 2. Median density profiles of low-mass (top left panel) and very massive (top right panel) halos at z = 0. The shaded bands show the interval around the median
that contains 68% of the individual halo profiles in the corresponding ν bin. The plots include somewhat smaller radii for the high-ν sample compared to the low-ν
sample due to the different resolution limits of the simulations from which the profiles were extracted. The shapes of the high- and low-mass profiles are noticeably
different: the slope of the high-ν profile steepens sharply at r ! 0.5Rvir, while the profile of the low-ν sample changes slope gradually until r ≈ 1.5Rvir, where the
profiles of both samples flatten significantly. The sharp steepening of the outer profile of the high-ν sample cannot be described by the NFW or Einasto profiles, as is
evident in the bottom panels. The bottom panels show the logarithmic slope profile of the median density profiles in the top panels, as well as the corresponding slope
profiles for the best-fit NFW (dot-dashed) and Einasto (dashed) profiles. To avoid crowding, we only show the NFW and Einasto fits in the bottom panels where the
differences can be seen more clearly. The vertical arrows indicate the position of various radius definitions, evaluated for the median mass profile.
(A color version of this figure is available in the online journal.)

accretion rate. In this section, we explore the variation of the
profiles with these properties.

3.1. Density Profiles as a Function of Peak Height

Figure 2 shows the median density profiles at z = 0 of 2
halo samples representing extremes of the range of halo peak
heights and the corresponding profiles of the logarithmic slope,
γ (r) ≡ d log ρ/d log r . The low-mass sample (left panels)
corresponds to the peak height range of 0.5 < ν < 0.7 (see
Figure 1 for the respective mass range), while the high-mass
sample corresponds to ν > 3.5. We also show the interval
containing 68% of the individual profiles with a shaded band.

It is clear that the profiles of the two samples in Figure 2 are
quite different. The median profile of the low-ν sample has a
slowly changing slope out to r ! Rvir and large scatter around
the flattening at larger radii. The high-ν sample, on the other
hand, has a sharply steepening profile at r ! 0.5Rvir with the
slope changing from −2 to −4 over a range of only ≈4 in
radius, as can be seen in the slope profiles (bottom panels).

For comparison, the slope of an NFW profile is expected to
change by only ≈0.6 over the same radial range for typical
concentrations. The slope profiles show that although the NFW
and Einasto profiles provide a reasonable description to the
profiles of the low-ν sample out to r ≈ Rvir, they fail to describe
the rapid steepening of the slope in the high-ν sample. Clearly,
the functional form of the high-ν profiles differs from the fit
at large radii, implying that the outer density profiles of halos
cannot be universally described by a single NFW or Einasto
profile. We note that these fitting functions were not designed
to match profiles outside r ≈ Rvir, but the deviations from
the NFW and Einasto profiles in high-ν halos begin at smaller
radii, r ≈ 0.5Rvir (see also Meneghetti & Rasia 2013; Balmès
et al. 2014). In Section 3.3 and the Appendix we present a more
flexible functional form that can describe the profiles of halos
of different peak heights.

We note that the profiles of both the low-ν and high-ν samples
flatten to a slope of ≈−1 at r ! 2Rvir, as the profile approaches
the 2-halo term of the halo–matter correlation function (see,
e.g., Hayashi & White 2008). However, the scatter around the
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Inner structure of dark matter halos and the halo boundary

Diemer & Kravtsov 2014More et al. 2015

Galaxy clusters we can probe a large range of scales that are important for different physical effects 

rs r200m
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Hubble flow
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Hubble flow

2

First turnaround

Diemer & Kravstov (2014)
Adhikari, Dalal &  Chamberlain (2014)
More et al. (2015)

Clean: gravity-only dynamics

Phase space of a halo

In idealised self-similar simulations

Density around a halo

Adhikari et al 2014

Internal structure of the dark matter halo can be significantly informative



Outer density profiles of Dark Matter Halos

Diemer & Kravtsov 2014 Adhikari et al 2014



Why the internal structure may be of interest?

Adhikari et al 2014

Banerjee et al (incl. SA) 2019Encodes information of history

Properties of dark 
matter



Observing the mass and light distributions around galaxy clusters

Allen et al 2011



Distribution of Galaxies
Lensing of background galaxies

Observations of Galaxy clusters

Abell 2218

Study the distribution of  
galaxies that trace the potential of the  

parent dark matter halos Study the distortion of background galaxies due to 
massive halo in the line of sight



How do we model the distributions 
(galaxy distribute or lensing)?

4 Baxter, Chang et al.

the halo density profile as the sum of an Einasto profile that
e↵ectively describes the collapsed material and a power law
profile that e↵ectively describes the infalling material2. The
use of an Einasto profile to model the collapsed material
is well motivated by many studies using N-body simulations
(Navarro et al. 2004; Merritt et al. 2005, 2006; Navarro et al.
2010). The use of a power law term to describe the infalling
material is motivated by e.g. the self-similar collapse mod-
els of Gunn & Gott (1972). For a single peak, self-similar
collapse models predict a power law profile with index -1.5.
However, for CDM halos forming as a result of gravitational
collapse around intially Gaussian perturbations, the infalling
material is not expected to follow a pure power law profile at
large scales. Furthermore, non-linear dynamics can modify
the profile of infalling material within the halo. The pre-
cise form of the infalling material profile must therefore be
calibrated using e.g. N-body simulations. The simple power
law model, however, was shown to provide a good fit to the
stacked profiles of simulated halos out to ⇠ 9Rvir in DK14.
To model the observed steepening of the density profile near
Rvir, DK14 multiplied the Einasto profile by the function
ftrans(r), which is unity for small r, but declines rapidly in
a narrow region near the radius rt.

The complete profile introduced by Diemer & Kravtsov
(2014) that provides good fits to the stacked 3D density
profile of simulated halos from small scales out to ⇠ 9Rvir

has the form:

⇢(r) = ⇢
coll(r) + ⇢

infall(r), (1)

⇢
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where ⇢
coll and ⇢

infall represent the profiles of the collapsed
and infalling material, respectively. Note that ⇢

coll and ⇢
infall

correspond to the ⇢inner and ⇢outer used by DK14. Since r0 is
completely degenerate with ⇢0, we will fix r0 = 1.5 h

�1Mpc
throughout.

The profile of Eqs. 1–5 contains eight free parameters.
DK14 first fit density profile measurements from simulations
allowing all eight parameters to vary freely, and found that
the profile provided a good fit to these measurements. Be-
cause some of the parameters in their fits were correlated,
DK14 also explored how the number of free parameters could
be reduced by fixing various parameter combinations. In this
analysis, we will allow all eight model parameters (after fix-
ing r0) to vary independently for two reasons. First, the
parameter combinations constrained by DK14 depend on
quantities such as the halo peak height and the virial ra-
dius, both of which cannot be measured precisely from the
data. Second, it is not necessarily true that parameter com-
binations that can be fixed when fitting the dark matter

2 The DK14 model also includes a constant term equal to the
mean density of the Universe. Here, since the measurements are
e↵ectively mean-subtracted, we do not include such a constant
term.

alone can also be fixed when fitting the galaxy distribution,
given the uncertain relation between galaxies and mass. Al-
lowing all eight parameters to vary simultaneously was also
the approach taken by M16. As we will discuss below, how-
ever, allowing all eight parameters to vary freely (with some
weak priors) can make distinguishing between models that
have a truncation caused by ftrans and models that have
ftrans = 1 di�cult.

Another common parameterization for modeling the
density profiles of dark matter halos is the Navarro-Frenk-
White (NFW) profile of Navarro et al. (1996). The NFW
profile is also known to be a good fit to simulated dark mat-
ter halos, although it may not be as successful as the Einasto
model at capturing the behavior of the inner halo profile
(Navarro et al. 2004; Merritt et al. 2005, 2006; Navarro et al.
2010). Since we do not have a very strong theoretical prior
to prefer the Einasto profile over the NFW profile in this
analysis of galaxy density profiles, we will also consider the
impact on our splashback fits of replacing the Einasto profile
with the generalized NFW model (gNFW):

⇢gNFW(r) =
⇢i⇣

r
rs

⌘↵gNFW
⇣
1 + r

rs

⌘3�↵gNFW
, (6)

where ⇢i sets the normalization of the profile and ↵gNFW

sets its shape.
Since we measure projected densities on the sky, it is

necessary to integrate ⇢(r) along the line of sight to obtain
the projected density ⌃(R):

⌃(R) =

Z hmax

�hmax

dh ⇢(
p

R2 + h2), (7)

where R is the projected distance to the halo center. To
avoid divergence of the profiles, we restrict the line of
sight integration to �hmax < h < hmax. We set hmax =
40 h

�1Mpc, but find that our results are quite robust to this
choice.

The above equations for ⇢(r) and ⌃(R) were found to
accurately describe the mass distribution around simulated
dark matter halos in simulations by DK14. In this work,
however, we will follow M16 and apply the same models to
the measured galaxy distributions, which we label with sub-
script ‘g’s: ⇢g(r) and ⌃g(R) (note that these functions mea-
sure number densities rather than mass densities). That is,
we are assuming that any di↵erences between the galaxy dis-
tribution and the dark matter mass distribution (i.e. galaxy
bias) can be absorbed into the fitting parameters. In the
limit of constant galaxy bias, this assumption is certainly
true. However, at small scales, galaxy bias is expected to be
scale-dependent (e.g. Seljak 2000; Peacock & Smith 2000)
and as a result, this assumption may break down. M16 tested
this assumption using subhalo profiles around cluster-size
halos in dark matter simulations, showing that it is robust.
However, the galaxy density profile is not expected to follow
the subhalo profile at small scales, and the precise relation
between the galaxy profile and the matter profile on small
scales is still an active research area (e.g. Nagai & Kravtsov
2005; Guo et al. 2011; Budzynski et al. 2012).

In the model testing parts of this work, we will adopt
an operational definition and define the splashback radius
as the location of the steepest slope in the model density
profiles. To di↵erentiate between the splashback radius in
the 2D and 3D profiles, we define R

3D
sp as the location of

MNRAS 000, 1–17 (2017)
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g ΔΣ = Σ( < R) − Σ(R)

Projected galaxy density Lensing signal- excess surface density

g



Observing the mass and light distributions around galaxy clusters

Shin et al. 2021

1148 clusters SZ selected clusters that like in the DES footprint
SNR > 4

0.15 < z < 0.7

⟨M500c⟩ > 2.72 × 1014M⊙/h



The Distribution of galaxies inside galaxy clusters

Adhikari & Shin et. al. 2021



The splashback radius as a clock in the halo
Galaxies stop forming stars with time as they fall into a halo

Blue star-forming galaxies turn into red and dead galaxies 

Minimum traces the time spent in the cluster by a population of galaxies



Halo profile from weak Gravitational Lensing

Direct probe of matter

Distribution of Dark Matter in galaxy clusters

Shin et al. 2022 (incl. SA)

r

ΔΣ = Σ( < R) − Σ(R)

Tangential shear

Lensing observable 



The distribution of Dark Matter and Galaxies in clusters

Galaxies and Dark Matter follow each other!

Shin et al. 2022 (+ SA)



What does this tell us about dark matter?

Shin et al. 2022 (incl. SA)



Can we use cluster profiles to constrain dark matter models?

Banerjee et al. 2019 (incl. SA)

Vogelsberger et al 2012



Constraining dark matter models with weak lensing profiles
With Yiming Zhong, Tae Hyeon-Shin, Arka Banerjee, Bhuvnesh Jain 

Comparison of observed shape of the profile with different dark matter models 

Models with elastic scattering of self-interacting dark matter

Adhikari, Zhong et al. 2023



In the pure elastic scattering case the  constraints from weak leansing are consistent with the Bullet cluster constraints

σ/m < 0.5 (1.0) cm2/g
At 68% (95 % )confidence 

Current constraints on dark matter models 

]



The evolution of halos in Dissipative dark matter models

σ/m

νloss or Eloss

σ′￼/m

Elastic cross-section

Dissipative cross-section

Energy loss per scattering

Huo et al. 2020
χχ → χχ χχ → χ′￼χ′￼

χ and χ′￼ have a small mass splitting

Net bulk cooling that leads to collapsed cores 

Core collapse on cluster scales?



Adhikari, Zhong et al. 2023

• Forward model mass distribution 

• Pick concentration distribution 

• Pick DK14 profiles for concentration distribution 

• Evolve the inner halo term that is ‘orbiting’/‘virialized’  (ignore infall)  

Comparison to observation 



Constraining dark matter models with weak lensing profiles

Adhikari, Zhong et al. 2023



Current constraints on dark matter models 

Adhikari, Zhong et al. 2023



Constraints from an LSST-like survey



Constraints from an LSST-like survey



The faint galaxy regime in observations

Thornton et al. 2023 (incl. Adhikari)

With Joseph Thornton, Alexandra Amon, Risa Wechsler and Yao yuan Moao



Weak Lensing profile of dwarf galaxies

Thornton et al. 2023 (incl. Adhikari)

Thornton et al. 2023 (incl. Adhikari)



The faint galaxy regime in observations

Thornton et al. 2023 (incl. Adhikari)



Conclusions and Outlook
• Dark Matter self-interactions can leave diverse signatures across the entire viral region of a dark matter halo. 

• The natural evolution of dark matter halos in SIDM will lead to core-expansion followed by core-collapse. 

Observations  

• Massive cluster provide a laboratory to probe dark matter self interactions across a wide range of scales 

• Currently largely consistent with CDM but in future it will prove to be a competitive, independent probe for SIDM and  
    ther models of dark matter. 

Current bounds from DES Y3 lensing are consistent with bullet cluster constraints at 95% confidence level, and is used  
as a novel probe to rule out parts of dissipative dark matter parameter space. 

• Push to smaller scales - Group mass - RedMagic galaxies 
• Galaxy mass 
• Dwarf scales 



Comparison with hydrodynamic simulations - Illustris TNG-300



Galaxy mass variation

Cluster mass variation


