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OUTLINE

‣Part A: Gravothermal Evolution of Self-interacting Dark Matter (SIDM) 

Halos


‣Part B: Particle Dynamics of SIDM Halos


‣The Born regime


‣The Non-born regime 


‣Part C: Including non-perturbative effects in the gravothermal 

evolution framework (this work)
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‣ Mass conservation: 


‣ Hydrostatic equilibrium: 


‣ Heat Flux: 


‣ First law of thermodynamics: 

∂M
∂r = 4πr2ρ

∂ (ρv2)
∂r

= −
GMρ

r2

L = − 4πr2κ
∂T
∂r

∂L
∂r

= − 4πr2ρv2 ( ∂
∂t )

M
log (v3

ρ )

Model the halo as a fluid (we didn’t want to do a simulation)

The evolution is then characterized by three stages: core formation, expansion, collapse

GRAVOTHERMAL EVOLUTION
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THE CROSS SECTION

Dwarfs

Galaxies

Clusters

Observations point to a velocity dependent cross section

See: Kaplinghat et al, 2015
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THE INTERACTION

Light mediators naturally produce velocity-dependence

Self-interactions are described by the Yukawa potential

V(r) = ±
αχ

r e−mϕr

Then self-interaction cross-section is completely determined by

b =
αχ mχ

mϕ
κ ∼

mχv

mϕ
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THE BORN REGIME
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Constant at low velocities, falls off as a power law at high velocities

σV ∼ 4πα2
χ m2

χ /m4
ϕ

ω =
mϕ

mχ ∼ v−4

dσ
dΩ =

σ0

4π (1 + v2

ω2 sin2 θ
2 )

−2
ω =

mϕ

mχ
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THE NON-BORN REGIME

Multiple mediator exchanges

See: Buckley & 
Fox, 2009
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THE SEMI-CLASSICAL REGIME

Analytically solvable

See: Colquhoun et al, 2011


κ ∼
mχv

mϕ
> 1 b > 1 Strong couplingHigh velocities

dσ
dΩ

=
1
k2

∞

∑
ℓ=0

(2ℓ + 1)eiδℓPℓ(cos θ)sin δℓ

2

σVm2
ϕ =

4π
κ2

∞

∑
ℓ=0

(ℓ + 1)(ℓ + 2)
2ℓ + 3

sin2 (δℓ+2 − δℓ)

σatt. V =
π

m2
ϕ

×

4β2ζn(κ,2β) β ≤ 0.1,
4β2ζn(κ,2β)e0.67(β−0.1) 0.1 < β ≤ 0.5,
2.5 log(β + 1.05) 0.5 < β < 25,
1
2 (1 + log β − 1

2 log β )
2

β ≥ 25,

ζn(κ, β ) =
max(n, βκ)2 − n2

2κ2β2
+ η ( max(n, βκ)

κ )
η(x) = x2 [−K1(x)2 + K0(x)K2(x)]

≈ − 2 log ( x
2 ) − 1 − 2γE + x2 [1 − γE − log ( x

2 )]

β =
2αχmϕ

mχv2
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THE QUANTUM REGIME

A good analytical approximation provided by the hulthen potential

See: Tulin et al, 2013


V(r) = ± αXδe−δr

1 − e−δr

Dominated by s-wave scattering for κ < 1

δ0 = arg ( iΓ(λ+ + λ− − 2)
Γ(λ+)Γ(λ−) ), λ± = 1 + iκ

n
± κ

n ×
i 2βn + 1  repulsive 

2βn − 1  attractive 

Analytically solvable for l = 0

κ ∼
mχv

mϕ
< 1 b > 1 Strong couplingLow velocities

δ = nmϕ

σV ≈ 4π sin2 δ0/κ2m2
ϕ
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THE ZERO VELOCITY LIMIT

δ0 v→0
− [2γE + ψ(1 + A) + ψ(1 − A)]Bv

Γ (λ+ + λ− − 2)
Γ (λ+) Γ (λ−)

=
Γ(2iBv)

Γ(1 + A + iBv)Γ(1 − A + iBv)

δ0 = arg ( iΓ(λ+ + λ− − 2)
Γ(λ+)Γ(λ−) ), λ± = 1 + iκ

n
± κ

n × 2βn − 1

where B ≡
mχ

2nmϕ
, A ≡

αχmχ

nmϕ

Expand and ignore  termsO(v2)

δ0 = −tan−1 (2BvγE)
−tan−1[Bv(ψ(1 + A) + ψ(1 − A))]

 where ψ (z) = Γ′￼(z)/Γ(z)

The phase shift scales as  and  approaches a constantδ0 ∝ v σV

See: Tulin et al, 2013
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CONDUCTIVITY

Connects the particle nature of an SIDM model to the gravothermal evolution 

1
κ

=
1

κLMFP
+

1
κSMFP

κSMFP =
3
2

bv0

σ0

1
K3

κLMFP =
3aC
8πG

σ0

m2
χ

ρv3
0K3

Kp = ⟨σviscv
p
rel⟩

limw→∞ ⟨σviscvp
rel⟩

See: Outmezguine et al, 2023

LMFP: Particles travel long distances compared to halo size, λ > > H

SMFP: Particles travel short distances compared to halo size, scatter frequently λ < < H

Where we defined
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SETUP

‣Part A: Gravothermal evolution of halos is done with the code 

package GravothermalSIDM by K. Boddy (Outmezguine et al, 2022 

& Gad-Nasr et al, 2023)


‣Part B: Self interaction cross sections in the Non-born regime are 

calculated using CLASSICS by F. Kahlhoefer (Colquhoun et al, 2011)
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BORN REGIME

Extrapolate the non-born regime into the born regime successfully
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NON-BORN REGIME

Cross-section can be significantly enhanced at  low velocities
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NON-BORN REGIME

Kp follows a roughly universal behavior*

*excluding resonances etc
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HALO EVOLUTION

Future: place constraints on parameter space based on collapse timescales
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SUMMARY

✦ Self-interactions drive the gravothermal evolution of dark matter halos


✦ The relevant parameter space extends beyond the standard Born 

approximation for the self-interaction cross section


✦ We are incorporating these non-Born effects into the gravothermal 

evolution framework


✦ This enables us to place constraints on the full parameter space 

going beyond the born regime using halo collapse timescales

Bashi Mandava (UCB)Pheno 2025



Thank you!


