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Dark Matter (DM), but what kind?
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Dark Matter (DM), but what kind?
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Weakly Interacting Massive Particles

Interacting
spin-dependent (SD): hydrogen only
spin-independent (Sl): all elements
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Dark Matter (DM), but what kind?

Weakly Interacting Massive Particles
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Stars as DM Labs

Big and Plentiful

Large numbers, volumes, unique conditions
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Stars as DM Labs

Everywhere

Affected by different extrinsic conditions
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: R’ay Rg_search}, T{lg University of Tokyo .
Stars as DM Labs S e

Catch-All

Accumulate DM regardless of model*

* limits may apply (but fewer than you may think)
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Kamioka Obsenataw, ICRAR
Stars as DM Labs S
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Search for signatures of DM interactions changing
stellar structure or evolution

Spergel & Press 1985; Lopes & Silk 2002;
Moskalenko & Wai 2007
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* limits may apply (but fewer than you may think)
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Dark Matter in Stars

dN, 5
el C(t) — E(t)N, — A(t)N,
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Dark Matter in Stars

dNX B 9
F = C(t) —\— A(t)NX

My > Meygp = E(t)=0
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Dark Matter in Stars

%:“” \\

Asymmetric Dark Matter (ADM) = A(t) = 0
Kaplan et al. 2019

FIG Il Evolution of central temperature, hydrogen mass fraction and
nuclear luminosity of a 1 M, star in different ADM density scenarios,
showing prolonged Main Sequence life, in Lopes & Lopes 2019 (i)
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Capture

DM particles in the halo can get gravitationally
bound inside a star (Gould 1987)
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Capture

DM particles in the halo can get gravitationally
bound inside a star (Gould 1987)

Single scattering capture promoted by baryonic
nuclei at non-relativistic speeds

*Computing clusters really hate this one task

R Umax,i(T) u
C = ZJ dr 47tr2f uﬂmwﬂi(o, Vosc; W)
= J 0 my u
l

w=w(r) = \/uz + Vesc(1)?

2. /m,m, ,
| Vesc

umax,i(r) =
|mx —m;
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Capture

DM particles in the halo can get gravitationally
bound inside a star (Gould 1987)

Single scattering capture promoted by baryonic
nuclei at non-relativistic speeds

R Umax,i(T) u
C = ZJ dr 47tr2f uﬂmwﬂi(o, Vosc; W)
= Jo 0 u

my

w=w(r) = \/uz + Vesc(1)?

2. /m,m,
umax,i(r) = | 1Jescz
m, — ml-|
Umax
Qi (Vmin, Vmax; W) = ] dv R;(w - v)
Umin

do_l — —y — 337
Ri(w - v) = jniwlw—u |f;(u)d>u
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Capture

DM particles in the halo can get gravitationally
bound inside a star (Gould 1987)

Single scattering capture promoted by baryonic
nuclei at non-relativistic speeds

Single scattering approximation is not a universal

prescription: breaks down at high masses or
cross-sections

R Umax,i(T) u
C = ZJ dr 47tr2f uﬂmwﬂi(o, Vosc; W)
= Jo 0 u

my

w=w(r) = \/uz + Vesc(1)?

2. /m,m,
umax,i(r) = | 1Jescz
m, — ml-|
Umax
Qi (Vmin, Vmax; W) = ] dv R;(w - v)
Umin

do_l — —y — 337
Ri(w - v) = jniwlw—u |f;(u)d>u
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Capture
élo28 4
% 1027 E
. 10%° 4 Sl, my, =10 GeV, 0, =2 x 10737 cm?
1e4é
Scaling relation (Zentner & Hearin 2011) holds 3.0 1
uptom, ~ 15 GeV * S25
& 20
Px Op S 15
C = CSI,SD( ) £
© 0.4 GeV cm~—3 (10‘413cm2) 2 104
o ( Vesc ) 270 km s g 05 |
618 km s~1 1Y 0.0 -

0 2000 4000 6000 8000 10000 12000
Stellar Age [Myr]

C3l = 7 % 1022 g1

cSP — 5 % 1021 <5 GeV> _1 FIG IV Evolution of capture rate and total particle number of S| ADM
O = S

m, with m, = 10 GeV and 0, = 2 X 10737 cm® ina 1 M star in the

conditions of the solar system using the full multiscatter appproach of

* it holds remarkably well at higher masses (depending on composition). Leane & Smirnov 2023

In Sun-like the monoscattering assumption breaks down only slightly after this
relation stops holding.
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DM phenomenology in MESA: dmEFT

0.15 T T T T

/M,

Computes constant cross-section DM
phenomenology and models robustly :
(implicitly or explicitly) its impact in the 2 0.05
evolution of stars 0 , , , :

Designed for use with MESA, a popular, » .
~ 049 —— NoDM \ -

open-source, 1D stellar evolution software in

2 0.10

M

constant development 0.47 no e S

Paxton et al. 2011; 2013; 2015; 2018; 2019 B 20— p =10 GeV em™® ANA

Jermyn et al. 2023 S 9 p T 10 GeVan %
C% Ll py = 107 GeV cm™?

lts modularity facilitates adding features, or 17 b= —_— : .

changing DM models " " JURE "

FIG V Mass of the convective core, total helium content and total
luminosity of a 1 Mg core Helium-burning star for different densities
of dark matterand m, = 4 GeV. From Lopes & Lopes 2019 (ii)
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A Tale of Two Scenarios

LTE conduction regime:

Heat transport efliciency —

microscopic diffusion
(Gould & Raffelr)

Knudsen
transition K ~ 1/3

[sothermal (Knudsen) regime!
Heat baths in thermal contact
(Spergel & Press)

10!

Fmudsen number K

1" 10
Ljr, oo :

FIG VI Schematic diagram showing the efficiency of heat transport in stars
by a weakly interacting particle, as a function of the Knudsen number, K, from

Banks et al. 2022
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A Tale of Two Scenarios

Heat transport efliciency —

LTE conduction regime:

Knudsen
transition K ~ 1/3

microscopic diffusion
(Gould & Raffelr)

Heat baths in thermal contact
(Spergel & Press)

[sothermal (Knudsen) regime!

10!

10"

10

K= L, (0) _ 1 1
T oor (o) n(0
X (0) 3kpT,
2nGm,p.

Spergel & Press 1985
longer distance between scatters
less scatters
less energy deposition

10
Knudsen number K =1, /r, ot o :
FIG VI Schematic diagram showing the efficiency of heat transport in stars

by a weakly interacting particle, as a function of the Knudsen number, K, from

Banks et al. 2022
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A Tale of Two Scenarios

Heat transport efliciency —

LTE conduction regime:

microscopic diffusion
(Gould & Raffelt)

Knudsen
transition K

m ] .l"j

[sothermal (Knudsen) regime!
Heat baths in thermal contact

(Spergel & Press)
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FIG VI Schematic diagram showing the efficiency of heat transport in stars
by a weakly interacting particle, as a function of the Knudsen number, K, from

Banks et al. 2022

K= L, (0) _ 1 1
T oor (o) n(0
X (0) 3kpT,
2nGm,p.

many scatters

more energy deposition

interactions are local only

kBT(r))l/z dT(r)
kg———=

Ly(r) = 4712 Kk (r)ny (r)€(r) (m—x P
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The calibrated
Spergel & Press
model

Simulation of thermal conduction by asymmetric dark matter
in realistic stars and planets

Hannah Banks,'* Stephanie Beram,>* ! Rashaad Reid.*%* and Aaron C. Vincent® %%
! Department of Applied Mathematies and Theoretical Physics,
University of Cambridge. Wilberforce Road, Cambridge, CBS 0WA, UK
?Department of Physics. Engineering Physics and Astronomy,
Queen’s Umiversity, Kingston ON K7L 3N6, Canada

*Arthur B. McDonald Canadian Astroparticle Physics Research Institute, Kingston ON K7L 3N6, Canada

' De partment of Physics and Astronomy, Universily of Walerloo, Waterloo ON N2L 3G1, Canada
*Perimeter Institute for Theoretical Physics, Waterloo ON N2L 2Y5, Canada

Dark matter captured in stars can act as an additional heat transport mechanism, modifying fusion
rates and asteroseismoloigeal observables. Calculations of heat transport rates rely on approximate
solutions to the Boltzmann equation, which have never been verified in realistic stars. Here. we
simulate heat transport in the Sun, the Earth, and a brown dwarf model. using realistic radial

temperature, density, composition and gravitational potential profiles. We show that the formalism

developed in Ref. [1] remains accurate across all celestial objects considered, across a wide range of
kinematic regimes, hu both spin-dependent and spin-independent interactions where scattering with
multiple species becomes important. We further investigate evaporation rates of dark matter from
the Sun, finding that previous calculations appear robust. Our Monte Carlo simulation software

cosmion is publicly available. €)

~—= Could & Raffelt S )
w 109 Sun, SD, me, = W GeV, ag =1 x 1075 cmn? % 102 Sun, SI, m, = 10 GeV, gy =2 x 10-F em?
w 11 —13 2 100
P ; - L(r) = Lsp
o : B 2
1 AN 288 K,
) ""J 5 0.8 I= 1 + K
T :
4 i1 E 0.6 0.0 0.l
Radius (R o Radius (R)
S04
: A = 0.5
j S0z
& 5 =
* o HHHH— Ko~ 0.4
& 00 £ B S
0000 0025 0050 0075 0400 0125 0150 0475 0000 0025 0050 0075 010d 0125 0150 0175
Radius (R.) Radius (R.)

arXiv:2412.14342v1

FIG VIl Luminosity |L(r)| and transported energy dL/dr (insets)
in the Sun, along with the Gould & Raffelt prediction and the
calibrated Spergel & Press model in Banks et al. 2024
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Asking Questions

How do the different transport
methods affect stellar evolution
(and stellar internal structure)?

Does the Banks et al. (2024)
prescription for K-suppressed
Spergel & Press transport hold
throughout evolution?
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Warning

From this point on, everything should be considered

preliminary
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Photometry e
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3 15} |
(~0.07%) 2
TRGB Zoom
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34420 -
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FIG VI HR diagram for 1 Mg models with m,, = 5,9,100 GeV 3.75 3.70 3.65 | 3.60 3.55 3.50
. . . TerlK
using the and G&R90 transport methods for Sl interaction 0g(TerdK)

with 0 = 10738 cm? and solar system-like DM halo density.
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This picture should change dramatically at higher stellar
masses due to suppression of convection in the core

FIG IX  Asteroseismic evolution plot for m,, = 5,9,100 GeV superimposed
on dmEFT and G&R90 predictions. Model includes SD+Sl interaction

at 0,55 = (10738, 107**) cm? in the DM halo density of the solar
system
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Testing models against simulations

le27

1e28
BA24
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| |
FIG X.T cosmion results superimposed on dmEFT G&R90 and FIG X.2 cosmion results superimposed on dmEFT G&R90 and
transport absolute ‘”mi”OS‘_tggs fgr a model with SD transport absolute luminosities for a model with SD
interaction, m, = 5GeV , 0p =107"cm”, and }X{—T —10-* ata interaction, m, = 5GeV , 0p = 10~%¥em?, and % -4 ata

stellar age of 1.45 Gyrs. stellar age of 8.00 Gyrs.
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Conclusion
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Summary

Implemented K-suppressed Spergel & Press
transport formalism of Banks et al. 2024

Tested the evolution of transport outside
the evolutionary region it was calibrated for (solar
case): through the TAMS and to the TRGB

Compared and Gould & Raffelt 1990
(G&R90) prescriptions across DM parameters:

My, Px> Op

Agreement with simulation results is improved
in the Main Sequence, more work is needed to
verify validity in other stages

Inversion of the energy deposition profile in the
RGB could be important for core-sensitive
phenomena (convection and neutrinos)
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The Future

Test both G&R90 and transport results against simulations of a
realistic solution of the Boltzmann collision equation (correctly)

Explore other stellar masses where structure is more sensitive to
changes in the core (> 1.2 M)

0.00 0.02 0.04 0.06 0.08
Radius (Ro)

Carefully model evolutionary stages that are sensitive to energy
transfer (like the helium flash)

Investigate how composition changes can subtly alter Sl transport
and be sensitive to different DM masses (sdB stars)

Attempted simulation of realistic transport at the TRGB with the cosmion code
(Banks et al. 2022; 2024) superimposed on dmEFT results. Result is for > 107
simulated collisions. Modelincluded Sl interaction at g, = 10738 cm? for m,, = 10 GeV
and n,/n, ~10713
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The Future

Test both G&R90 and transport results against simulations of a
realistic solution of the Boltzmann collision equation (correctly)

Explore other stellar masses where structure is more sensitive to
changes in the core (> 1.2 M)

0.00 0.02 0.04 0.06 0.08
Radius (Ro)

Carefully model evolutionary stages that are sensitive to energy
transfer (like the helium flash)

Investigate how composition changes can subtly alter Sl transport
and be sensitive to different DM masses (sdB stars)

Attempted simulation of realistic transport at the TRGB with the cosmion code
(Banks et al. 2022; 2024) superimposed on dmEFT results. Result is for > 107
simulated collisions. Modelincluded Sl interaction at g, = 10738 cm? for m,, = 10 GeV

0.00 0.02 0.04 0.06 0.08 and n)(/nb ~10713,
Radius (Ro)
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