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Dark Matter Capture in Stars

An Orbit-Based Extension of Multiscatter Capture Across Stellar 
Types

A controlled three-method comparison on self-consistent MESA models. Sun · Red Giant · CO White Dwarf 

Gould (1987) → Leane & Smirnov (2023, chord) → orbit-based extension (this work)

Diogo Capelo



Stars Are Dark-Matter Detectors

Stars sweep up halo WIMPs that scatter off nuclei, lose energy, 

and stay gravitationally bound

Capture feeds annihilation signals, anomalous heating & cooling

via transport or collapse, and stellar-structure effects

What sets the capture rate?

Model: DM–nucleon (𝑖) cross section 𝜎𝜒𝑖 and 

WIMP mass 𝑚𝜒

Environment: Local halo density 𝜌𝜒 and DM 

halo velocity (𝑢) distribution 𝑓(𝑢)

Star: density σ𝑖 𝑛𝑖 across the particle’s path



Stars Are Dark-Matter Detectors

Stars sweep up halo WIMPs that scatter off nuclei, lose energy, 

and stay gravitationally bound

Capture feeds annihilation signals, anomalous heating & cooling

via transport or collapse, and stellar-structure effects

The capture rate C [s−1 ] is the bottleneck quantity for every one of 

them; it sets every downstream signal

What sets the capture rate?

Model: DM–nucleon (𝑖) cross section 𝜎𝜒𝑖 and 

WIMP mass 𝑚𝜒

Environment: Local halo density 𝜌𝜒 and DM 

halo velocity (𝑢) distribution 𝑓(𝑢)

Star: density σ𝑖 𝑛𝑖 across the particle’s path

flux & aperture · grav. focusing · capture efficiency

: the scattering efficiency where the three formalisms 

differ.
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A Tale of Two Formalisms

Gould (1987): single-scatter

Volume integral over the interior assuming DM is everywhere. 

Exact only when the star is optically thin (𝜏 ≤ 1).

Leane & Smirnov (2023): chord multiscatter

Both models inherit assumptions built for 

different regimes

How de we handle objects that are, simultaneously in 

different regions, optically thin or optically thick?

Gould 87 Leane 23  - chord 𝜏 Leane 23 - orbit 𝜏 (ours)

Extends capture into the optically-thick regime (𝜏 ≫ 1), sending 

particles through the star on straight lines at surface 

kinematics. Inspired by compact object methods.



Evolved Stars Are Not Billiard Pool Tables

A red giant carries a significant portion of mass (up to 

0.47 𝑀⊙) in a degenerate core just 𝟏𝟎−𝟒 of its radius, 

holding material 𝟏𝟎𝟖 × denser than the envelope

Straight chords at almost every impact parameter miss 

the core entirely and only see the tenuous envelope

Gravity bends real trajectories into it: orbits with 𝑏 up 

to ~ 𝑅𝑐 𝑣𝑒𝑠𝑐,𝑠/𝑢 plunge through the dense core

The talk's question: how much does the straight-line picture 

leave on the table, star by star, and where does it matter? straight chord: misses core deflected orbit · plunges in



Evolved Stars Are Not Billiard Pool Tables



Implementation: From Chords to Orbits

The multiscatter rate sums per-scatter capture over the halo. 

𝐶𝑁 = 𝜋𝑅∗
2
𝜌𝜒

𝑚𝜒
න
0

∞ 𝑓 𝑢

𝑢
𝑢2 + 𝑣𝑒𝑠𝑐,𝑠

2 𝑔𝑁 𝑢 𝑝𝑁 𝜏 , 𝑝𝑁 𝜏 = 2න
0

1

𝑦 𝑒−𝜏
𝜏𝑁

𝑁!
𝑑𝑦 , (𝑦 ~ 𝑏)



Implementation: From Chords to Orbits

The multiscatter rate sums per-scatter capture over the halo. 

𝐶𝑁 ~න…න𝑓 𝑢 𝐾 𝑢, 𝑟 𝑃 𝜏 𝑑𝜏 𝑑𝑟 𝑑𝑢

In the chord formalism, 𝐾 𝑢, 𝑟 → 𝐾(𝑢) by setting 𝑣𝑒𝑠𝑐 𝑟 ≈ 𝑣𝑒𝑠𝑐(0) and 𝑃 𝜏 = 𝑃(𝑏) the optical depth depends only on the impact parameter. 
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Implementation: From Chords to Orbits

The multiscatter rate sums per-scatter capture over the halo. 

𝐶𝑁 ~න…න𝑓 𝑢 𝐾 𝑢, 𝑟 𝑃 𝜏 𝑑𝜏 𝑑𝑟 𝑑𝑢

Following the real orbit de-factorizes it, so both integrals now ride one trajectory:

𝜏𝑜𝑟𝑏𝑖𝑡, 𝑖(𝑏, 𝑢) = 2𝜎𝐴𝑖න
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The catch: de-factorization

In the chord formalism, 𝐾 𝑢, 𝑟 → 𝐾(𝑢) by setting 𝑣𝑒𝑠𝑐 𝑟 ≈ 𝑣𝑒𝑠𝑐(0) and 𝑃 𝜏 = 𝑃(𝑏) the optical depends only on the impact parameter. 

The chord rate is (homogeneous column density) x (surface kinematics). On the orbit, the local density, the kinematics, and the path weight all live in the same trajectory, 

so the 𝑏 and 𝑢 integrals no longer separate, the cost of correctly estimate how deep particles reach, real stratified compositions, and local kinematics.



Comparison Across Evolutionary Stages

3 stars × 3 methods: Gould, chord L&S, orbit L&S run on the 

same MESA profiles, followed across each star's life
𝝈𝑺𝑰 = 𝟏𝟎−𝟒𝟒 − 𝟏𝟎−𝟑𝟓 cm² , 𝑚𝜒 = 5 − 500 GeV 

capture-only → every gap is method, not input

C(t) at σ = 10−38 cm², m
χ 
= 50 GeV. The three methods track together on the Sun, but the chord sits well below the orbit treatment on the evolved RGB and CO WD. That 

gap is what we quantify next.



The Enhancement, by Star

Sun

×2–11
Red Giant

×50–500

The ratio scales with how concentrated the 

potential is:

The 𝑚𝜒 = 500 𝐺𝑒𝑉 extreme (×360 - 490) is 

kinematic: particles “dead” at the surface escape 

speed come “alive” on core-plunging orbits

left: 𝐶𝑜𝑟𝑏𝑖𝑡/𝐶𝑐ℎ𝑜𝑟𝑑 right: 𝐶𝑜𝑟𝑏𝑖𝑡/𝐶𝐺𝑜𝑢𝑙𝑑
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Where the Enhancement Lives: Intermediate 𝝉

The orbit/chord ratio is largest in the band 

between weak convergence and strong 

saturation, at intermediate optical depth

It grows with WIMP mass: heavy DM is 

rescued on both counts, geometry and 

kinematics

Right panel (orbit/Gould) turning blue above 

𝜎𝑡𝑟 ≈ 10−39 𝑐𝑚2 is expected shielding, not 

error: Gould is optically thin by construction 

and over-counts once 𝜏 ≥ 1
RGB (𝜎𝑆𝐼 , 𝑚𝜒) heat maps. Left 𝐶𝑜𝑟𝑏𝑖𝑡/𝐶𝑐ℎ𝑜𝑟𝑑, deep red = orbit far above chord. Right 𝐶𝑜𝑟𝑏𝑖𝑡/𝐶𝐺𝑜𝑢𝑙𝑑

Here be dragons.



Summary

W HAT  W E F O UND

Straight-line multiscatter underestimates capture rate on

main-sequence stars by 𝓞(𝟏) and on evolved, core-

concentrated ones like RGB stars 𝓞 𝟏𝟎𝟎 , when 

compared against the orbit extension

Any capture-based constraint from giants, and the 

intermediate-𝜏 band generally, needs an orbit-like 

treatment

Method & astrophysics must be budgeted together: 

on the Sun the halo uncertainty rivals the orbit 

enhancement; on the RGB the method dominates 

everything

W HERE I T  G O ES

The pipeline is evolution-ready : capture is computed 

inside MESA at every timestep, so populations, heating & 

observables come with the stellar model

Next: runtime optimizations, full feedback runs, run halo 

variants + intermediate and high-mass star examples

Extend the multiscatter framework with real 

gravitational orbits, evaluated locally, and it becomes 

physically complete for concentrated stars.



T I ME F O R Q UEST I O N S

Thank you.

diogo.capelo@tecnico.ulisboa.pt



Backup Slides

time-evolution by regime (RGB · Sun · WD) · the shielding below Gould · threshold 

cross-section



RGB: Why the Masses Diverge on Ascent

Over 1.75→2.2 Gyr the RGB does two opposite 

things: the core contracts (log ρ
c 
: 2.3→5.3) while 

the envelope expands & thins (R up ~5×). Which 

wins depends on σ vs σ 
crit

(RGB)~10−34.

σ
SI

m5 m50 m500

10−35 near-crit ↓ ×0.59 ↑ ×2.9 ↑ ×1.7

10−38 intermediate ↓ ×0.44 ↓ ×0.12 ↓ ×0.07

10−41 weak ↑ ×1.5 ↑ ×1.3 ↑ ×1.7

Weak: core-plunging orbits dominate → core 

contraction lifts all masses

Intermediate: envelope carries the capture → 

thinning drops all masses

Near-crit: m50/m500 track C
geo 
∝R² (rise); m5 still 

intermediate (fall)



Sun: Highest σ Falls, the Rest Rise

High σ (10−35, saturated): capture tracks the 

geometric aperture C
geo
∝R

★
². The Sun 

shrinks from a bloated pre-MS object onto the 

main sequence → capture falls ~×0.4

Low σ (≤10−38, weak): capture ∝ σ × interior 

column × kinematics. As the core densifies, 

the orbit-sampled column & local v 
esc 

rise → 

capture rises ~×4–5

The two regimes move oppositely because one 

follows the radius and the other the central density , 

crossing at σ
crit



WD: A Shrinking Aperture, a Concentrating Core

This is a young, rapidly contracting WD: 

over the sampled window R shrinks ~13× (log 

R: −0.7→−1.8) as it settles onto the cooling 

track

A shrinking geometric aperture (C
geo 
∝R²) 

drives the overall decline; a concentrating 

potential switches on the orbit advantage

The chord/orbit crossover at 10−38 is the 

moment the second effect overtakes; the two 

coincide only while the star is puffy and its 

potential unconcentrated



One Number Orders Every Star

The threshold cross section where 𝜏𝑡𝑜𝑡𝑎𝑙 𝜎 =
3/2, the weak-to-saturated threshold

Spans ~6×10−40 (WD) to ~1.5×10−34 cm² (RGB), a 

pure column-density ordering, M
★
/R

★
²

Drops with mass, then plateaus above ~50 GeV 

as the coherent A²(μ
A
/μ

n 
)² enhancement saturates

Measured C(σ) curves bend right where it 

predicts

τ
d
(σ) per star; dots mark σ

crit 
at τ

d 
= 3/2. Sun · RGB · WD, across m

χ 
= 5 · 50 · 500 GeV.
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