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What if new forces allow dark matter to interact with 
itself either elastically or inelastically?

Theory of Dark Sectors

Short-Range Elastic  
Self Interactions 

(SIDM)

Inelastic/Dissipative 
 Self Interactions 

(Atomic Dark Matter)

Long-Range Elastic  
Self Interactions 



Dark matter particles interact via some new mediator

Self scattering described by Yukawa potential 
in non-relativistic limit

χ

Feng et al.  [0905.3039]; Loeb and Weiner [1011.6374]; Kaplinghat, Tulin and Yu [1508.03339]
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L = {
gD χ̄ γμ χ ϕμ

gD χ̄ χ ϕint

αD

αD

<latexit sha1_base64="N1pVMjl+ot0Aq3mH15nbDH9zImU=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFTLa9LErunFZwT6gDWUynTRDJ5MwMxFK6C+4caGIW3/InX/jpK2gogcuHM65l3vv8RPOlHacD6uwtr6xuVXcLu3s7u0flA+PuipOJaEdEvNY9n2sKGeCdjTTnPYTSXHkc9rzp9e537unUrFY3OlZQr0ITwQLGME6l4YkZKNyxbGr6NJFNejYNddF7qUhzWaj3nQgsp0FKmCF9qj8PhzHJI2o0IRjpQbISbSXYakZ4XReGqaKJphM8YQODBU4osrLFrfO4ZlRxjCIpSmh4UL9PpHhSKlZ5JvOCOtQ/fZy8S9vkOqg4WVMJKmmgiwXBSmHOob543DMJCWazwzBRDJzKyQhlphoE0/JhPD1KfyfdC9sVLPRbbXSulrFUQQn4BScAwTqoAVuQBt0AAEheABP4NmKrEfrxXpdthas1cwx+AHr7RN+8I6P</latexit>�<latexit sha1_base64="N1pVMjl+ot0Aq3mH15nbDH9zImU=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFTLa9LErunFZwT6gDWUynTRDJ5MwMxFK6C+4caGIW3/InX/jpK2gogcuHM65l3vv8RPOlHacD6uwtr6xuVXcLu3s7u0flA+PuipOJaEdEvNY9n2sKGeCdjTTnPYTSXHkc9rzp9e537unUrFY3OlZQr0ITwQLGME6l4YkZKNyxbGr6NJFNejYNddF7qUhzWaj3nQgsp0FKmCF9qj8PhzHJI2o0IRjpQbISbSXYakZ4XReGqaKJphM8YQODBU4osrLFrfO4ZlRxjCIpSmh4UL9PpHhSKlZ5JvOCOtQ/fZy8S9vkOqg4WVMJKmmgiwXBSmHOob543DMJCWazwzBRDJzKyQhlphoE0/JhPD1KfyfdC9sVLPRbbXSulrFUQQn4BScAwTqoAVuQBt0AAEheABP4NmKrEfrxXpdthas1cwx+AHr7RN+8I6P</latexit>�

Short-Range Elastic Self Interactions



dσ
dθ

= σ0 sin θ

2 [1 + v2

ω2 sin2 θ
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Dwarfs Milky Way Clusters

Anisotropic, velocity-dependent 
self scattering

Two free parameters   

σ0 ≡ 4πα2
Dm2

χ /m4
ϕ

ω ≡ mϕ/mχ

see Tulin and Yu [1705.02358] for review

Short-Range Elastic Self Interactions



SIDM Halo Evolution

Dark Matter Halo

Core

Stage 1: Core Formation

Self interactions transfer heat inwards 

→ Formation of isothermal core

Vogelsberger et al. [1201.5892]; Zavala et al. [1211.6426]; Robles et al. [1903.01469]; Zavala et al. [1904.09998]

Image Credit: Oren Slone

Heat 
Flow



SIDM Halo Evolution

Image Credit: Oren Slone

Dark Matter Halo

Heat 
Flow

Core

Balberg et al. [astro-ph/0110561]; Koda and Shapiro [1101.3097]; Elbert et al. [1412.1477];   
Essig et al. [1809.01144]; Nishikawa et al. [1901.0049]; Kahlhoefer et al. [1904.10539]; Turner et al. [2010.02924]

Stage 2: Core Collapse

Self interactions transfer heat outwards 

→ Core heats up and shrinks



SIDM Halo Evolution

Image Credit: Oren Slone



Summary of Current Constraints
Oren 
Slone
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SIDM cross section

σ0/mχ [cm2/g]

SIDM models favor velocity-dependent 
interactions 

Gravothermal collapse must occur for 
densest dwarf galaxies
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Observational Consequences:

O. Slone, F. Jiang, ML, M. Kaplinghat [2108.03243]

dσ
dθ

= σ0 sin θ

2 [1 + v2

ω2 sin2 θ
2 ]

2



Cosmological SIDM Simulations

Silverman, Arora, Huseein, Kaplinghat, ML, Necib, and Sanderson [in prep]

Maya  
Silverman

8

Figure 3. Two-dimensional surface density of the dark matter, !dark, out to 40 kpc from the center of m10q. This shows
all four fiducial models from left to right: CDM, SIDM with ω/m = 30 cm2g→1, SIDM with ω/m = 70 cm2g→1, and SIDM
with ω/m = 140 cm2g→1. The top row shows current time, at z = 0 (except for S140, which shows the most recent time step,
z → 0.4), and the second, third and fourth rows show z = 0.5, 1.0, and 2.0, respectively. SIDM forms more spherical halos and
more concentrated cores at later times. SIDM with ω/m = 140 cm2g→1has a particularly high density core. [MS: This figure
will be adjusted to show z=0, 0.4, 1.4, and 2.8 to match the times in Figure 11.]

New suite of cosmological N-body simulations of field dwarfs (~ )  
in the gravothermal collapse regime

1010 M⊙

(same initial conditions, different cross sections)



A Complicated Picture Emerging

Silverman, Arora, Huseein, Kaplinghat, ML, Necib, and Sanderson [in prep]

Maya  
Silverman

Significant mergers can turn off the gravothermal collapse process  

9

Figure 4. Core density of each host halo across time. Core density is defined by fitting an analytic profile to the most dense
regions of the halo. Core density is taken to be the innermost radius of the fit. Subhalo infall time is indicated by the arrows
along the x-axis with the colors corresponding to the mass, as defined in Figure 1.
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Figure 4. Core density of each host halo across time. Core density is defined by fitting an analytic profile to the most dense
regions of the halo. Core density is taken to be the innermost radius of the fit. Subhalo infall time is indicated by the arrows
along the x-axis with the colors corresponding to the mass, as defined in Figure 1.
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Figure 4. Core density of each host halo across time. Core density is defined by fitting an analytic profile to the most dense
regions of the halo. Core density is taken to be the innermost radius of the fit. Subhalo infall time is indicated by the arrows
along the x-axis with the colors corresponding to the mass, as defined in Figure 1.

With major merger

PRELIMINARY

No major merger

PRELIMINARY

σ /m = 70 cm2 /g σ /m = 70 cm2 /g



Ram-Pressure Effects

Silverman, Arora, Huseein, Kaplinghat, ML, Necib, and Sanderson [in prep]

Maya  
Silverman

Scattering between dark matter in subhalo and host redistributes  
energy, potentially cutting off collapse process

12

Figure 6. Core density evolution for halo m10b with four
DM models: CDM (with ω/m = 0 cm2g→1; black), SIDM
with constant ω/m = 30 cm2g→1(blue), SIDM with constant
ω/m = 70 cm2g→1(green), and SIDM with a velocity-depen-
dent cross-section with ω0 = 147 cm2g→1and w = 24 km/s
(red). Core density is defined by fitting to an analytic core
density, as described in Section ??.

actions within the host core, we use w = 24 km/s and631

ω0 = 147, similar to the models used in Yang et al.632

(2023a).12633

Figure 6 shows the core density evolution for halo634

m10b with four DM models: CDM (with ω/m = 0635

cm2g→1), SIDM with constant ω/m = 30 cm2g→1,636

SIDM with constant ω/m = 70 cm2g→1, and SIDM637

with a velocity-dependent cross-section with ω0 = 147638

cm2g→1and w = 24 km/s. Core density for all SIDM639

models is defined by fitting to an analytic core density640

profile, as described in Section [MS: cite section where641

this shows up the first time]. However, this method is642

not possible in the CDM simulation since kernel radii are643

not output. In this case, we calculate the core density644

as the innermost resolved density of a smoothed density645

profile.646

As expected, the halo in CDM shows minimal core647

density evolution. The halos in SIDM models all have an648

12
We use this velocity dependent model to illustrate the e!ects

of SIDM interactions between host and subhalo particles. Both

this velocity-dependent model, which is comparable to models

used by Nadler et al. (2020); Turner et al. (2021); Yang et al.

(2023a), and our fiducial constant cross-section, which is com-

patible with models used by Nadler et al. (2023, 2025), are

viable models within low-mass halos.

Figure 7. Core density and radius evolution for all halos
with S70 compared to the fluid model (dashed gray; Out-
mezguine et al. 2023). Core density is normalized by the scale
density of each halos CDM counterpart at z = 0, εs,CDM.
Radius is normalized by the CDM scale radius, rs,CDM. The
flow of time is indicated by gray arrows along the model.
[MS: add those arrow to show time.]

initial decrease in core density, as is expected by the core649

expansion phase. The halos in all four models experience650

a major merger at → 8 Gyr. This is concurrent with a651

decrease in the core density of 73.5% and 82.5% in the652

S30 S70 models, respectively. The core density remains653

low in both of these models. The halo in the velocity-654

dependent SIDM model also experiences a decrease in655

core density of 71.8%, but this is followed by an increase656

in core density such that the core density returns to its657

value before the merger.658

We conclude that the sustained decrease in core den-659

sity due to disruptive mergers is due to ram-pressure660

evaporation from SIDM interactions between subhalo661

and host halo particles.662

3.3. Comparisons to Fluid Model663

As we have shown, halos that have a quiet merger his-664

tory between → 3 ↑ 6 Gyr (m10q, m10d, and m10i) un-665

dergo gravothermal collapse according to the predicted666

analytic model. However, halos that experience frequent667

or massive mergers (m10b, m10f, and m10j) do not668

undergo gravothermal collapse according the analytic669

model. In this subsection, we compare the results from670

our simulations to the analytic model for gravothermal671

core collapse. We focus on the central density, εc, as672

PRELIMINARY
This change in cross section 
suppresses ram pressure, bringing 
core density back up

m10b

m10b



Conclusions

Elastic short-range self interactions affect halo evolution, leading to a 
diversity of cores and cusps 

SIDM halo morphology is highly sensitive to merger history, 
complicating interpretations from semi-analytic modeling 

Galaxies can serve as cosmic colliders, opening a window into the 
dark matter dynamics that impact their formation and evolution 


