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After more accurate measurements of the abundances of metals in the early 
2000s, it was found that the sound speed from the Standard Solar Model are 
not in agreement with measurements inferred from helioseismology. 
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Convective Zone radius  
~ 10 sigma off

Small frequencies, which 
probe the core, as much as 5 

sigma
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Direct detection 
𝜒

Nuclear recoil 
(phonon signal)

Ionisation

Seek to measure the interaction of “ambient” DM with quarks:

2 Event rate

The differential event rate, usually expressed in terms of counts/kg/day/keV (a quantity
referred to as a differential rate unit or dru) for a WIMP with mass mχ and a nucleus with
mass mN is given by

dR

dER
=

ρ0
mN mχ

∫

∞

vmin

vf(v)
dσWN

dER
(v,ER) dv , (1)

where ρ0 is the local WIMP density, dσWN

dER
(v,ER) is the differential cross-section for the

WIMP-nucleus elastic scattering and f(v) is the WIMP speed distribution in the detector
frame normalized to unity.

Since the WIMP-nucleon relative speed is of order 100 km−1 s−1 the elastic scattering
occurs in the extreme non-relativistic limit, and the recoil energy of the nucleon is easily
calculated in terms of the scattering angle in the center of mass frame, θ∗

ER =
µ2
Nv2(1− cos θ∗)

mN
, (2)

where µN = mχmN/(mχ +mN ) is the WIMP-nucleus reduced mass.
The lower limit of the integration over WIMP speeds is given by the minimum WIMP

speed which can cause a recoil of energy ER: vmin =
√

(mNER)/(2µ2
N ). The upper limit is

formally infinite, however the local escape speed vesc (see Sec. 3.2), is the maximum speed in

the Galactic rest frame for WIMPs which are gravitationally bound to the Milky Way.
The total event rate (per kilogram per day) is found by integrating the differential event

rate over all the possible recoil energies:

R =
∫

∞

ET

dER
ρ0

mN mχ

∫

∞

vmin

vf(v)
dσWN

dER
(v,ER) dv , (3)

where ET is the threshold energy, the smallest recoil energy which the detector is capable of
measuring.

The WIMP-nucleus differential cross section encodes the particle physics inputs (and as-
sociated uncertainties) including the WIMP interaction properties. It depends fundamentally
on the WIMP-quark interaction strength, which is calculated from the microscopic description
of the model, in terms of an effective Lagrangian describing the interaction of the particular
WIMP candidate with quarks and gluons. The resulting cross section is then promoted to
a WIMP-nucleon cross section. This entails the use of hadronic matrix elements, which de-
scribe the nucleon content in quarks and gluons, and are subject to large uncertainties. In
general, the WIMP-nucleus cross section can be separated into a spin-independent (scalar)
and a spin-dependent contribution,

dσWN

dER
=
(

dσWN

dER

)

SI
+
(

dσWN

dER

)

SD
. (4)

Finally, the total WIMP-nucleus cross section is calculated by adding coherently the above
spin and scalar components, using nuclear wave functions. The form factor, F (ER), encodes
the dependence on the momentum transfer, q =

√
2mNER, and accounts for the coherence
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Dark matter: Beyond 𝞼SI and 𝞼SD

Until recently, people have focused on two constant cases:

However, in general
� = �(s, t, u)

Non-relativistic observables: 

vrel

q =
p

2mtargetER ' mtarget�vtarget } small!

��̄QQ̄ ! �SI

��µ�5�̄Q�µ�5Q̄ ! �SD



Dark matter: Beyond 𝞼SI and 𝞼SD

Dipole coupling
Anapole coupling
Multiple massive 

 mediators

p-wave
d-wave
Massive mediator 

other effective 
 operators

…



Dark matter: Beyond 𝞼SI and 𝞼SD

Dipole coupling
Anapole coupling
Multiple massive 

 mediators

p-wave
d-wave
Massive mediator 

other effective 
 operators

…

     �(q, vrel)



Dark matter: Beyond 𝞼SI and 𝞼SD

Dipole coupling
Anapole coupling
Multiple massive 

 mediators

For concreteness, let’s look at two forms:

� = �0

✓
vrel
v0

◆n

� = �0

✓
q

q0

◆n

n = {�2, 2, 4}where

p-wave
d-wave
Massive mediator 

other effective 
 operators

…

     �(q, vrel)



Side-note: 3 popular approaches

Simplified models �

�

q

q̄

�
, …



Side-note: 3 popular approaches

Simplified models �

�

q

q̄

�
, …

Effective operators (EFTs)

��5�q̄�5q , …



Side-note: 3 popular approaches

Simplified models �

�

q

q̄

�
, …

Effective operators (EFTs)

��5�q̄�5q , …

Effective cross sections

�SD = �0

✓
q

q0

◆4
, …



Side-note: 3 popular approaches

Simplified models �

�

q

q̄

�
, …

Effective operators (EFTs)

��5�q̄�5q , …

Effective cross sections

�SD = �0

✓
q

q0

◆4
, …



Velocity and momentum-dependent DM
Probing different parts of the 
DM velocity distribution with a 
given experiment:
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DAMA

(Chang, Pierce, Weiner 2009) (Guo, Liang, Wu 2014)
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Direct detection 

𝜒

𝜒
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Probing the scattering cross-section between DM and quarks



The sun is a direct detection experiment

• M = 2 x 1030 kg 

• 73% Hydrogen 

• 25% Helium 

• 2% Heavier elements 
 (important since                 ) 

• T = 4.57 Gyr 

��N / A2

1037 ton-year exposure (c.f. LZ: 5 ton-year)
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The sun is a direct detection experiment
𝜒

Collision

�Ekin � EWIMP � Eescape

WIMP gravitationally bound

𝜒𝜒

dN�

dt
= C(t)� 2A(t)� E(t)Population:



Capture rate

2 P.C. Scott, M. Fairbairn and J. Edsjö

upon possible impacts of energy transport by ‘cosmion’ WIMPs
designed to solve the solar neutrino problem. With the advent of
neutrino oscillations this problem has of course disappeared. Fur-
thermore, the existence of much more stringent limits upon the
WIMP-nucleon scattering cross-sections (e.g. Desai et al. 2004;
Angle et al. 2008; Ahmed et al. 2009; Behnke et al. 2008) and an
improved understanding of the distribution of dark matter on galac-
tic scales (e.g. Bertone & Merritt 2005; Diemand et al. 2007) mean
that the likelihood of seeing changes induced purely by WIMP en-
ergy transport seems somewhat diminished. Indeed, later efforts to
constrain WIMP physics via helioseismology have proven fruitless
(Bottino et al. 2002).

Recent times have seen a resurgent interest in the impacts of
WIMPs upon stars, now focussing almost exclusively upon the in-
fluence of annihilation. Moskalenko & Wai (2007) and Bertone
& Fairbairn (2008) showed that it could be possible to see white
dwarfs heated by WIMP annihilation, at the Galactic centre and in
globular clusters respectively. Spolyar, Freese & Gondolo (2008)
and Natarajan, Tan & O’Shea (2009) showed that WIMP annihila-
tion might be able to partially inhibit the formation of PopIII stars,
resulting in giant, cool, primordial stars supported entirely by anni-
hilation energy. In previous letters the current authors presented the
first numerical simulations of the structure and evolution of WIMP-
burning main sequence stars, employing and comparing both a sim-
ple static structure code and a preliminary version of the evolution-
ary code we present here (Fairbairn, Scott & Edsjö 2008; Scott,
Edsjö & Fairbairn 2008). We found that WIMP annihilation in stel-
lar cores diminishes nuclear burning and causes them to re-ascend
the Hayashi track, in agreement with the analytical estimates of
Salati & Silk (1989).

Iocco (2008) and Freese et al. (2008) performed simplified
capture calculations on models of ‘naturally-formed’ PopIII stars,
showing that even if the stars were to form normally, they might
later accrete sufficient dark matter to alter their appearance. The
dark matter densities considered in these studies and in that of
Spolyar et al. (2008) were confirmed as reasonable by Freese et al.
(2009), using a more detailed treatment of the collapse of the pri-
mordial dark matter–gas halo. Both groups went on to consider
different stages of the pre-main sequence evolution of WIMP-
influenced PopIII stars: Freese et al. (2008) employed polytropic
models in an attempt to understand the evolution of the stars postu-
lated by Spolyar et al. (2008), and Iocco et al. (2008) followed the
evolution from the tip of the Hayashi track using a full stellar evolu-
tion code. Both found stalling phases, but of different durations and
at different stages of the stars’ formative evolution. Yoon, Iocco &
Akiyama (2008) and Taoso et al. (2008) have now presented simu-
lations of main sequence PopIII stars assumed to have formed nor-
mally, but then allowed to evolve with the effects of WIMP cap-
ture and annihilation. The last three studies show extended main
sequence lifetimes and stalling on the Hayashi track, in agreement
with our earlier conclusions at non-zero metallicity and the results
we present here.

Those working on PopIII stars have referred to WIMP-burning
stars as ‘dark stars’, whilst we and others working at non-zero
metallicities have typically used the terms ‘WIMP burners’ or ‘dark
matter burners’. In the interests of cohesiveness and simplicity, we
will simply adopt the former term. We do acknowledge that the
term ‘dark star’ is something of a misnomer, since stars burning
dark matter are not strictly dark. As we shall see in the following
pages, except for cases where the ambient dark matter density is
extremely high, their luminosities are at least reduced relative to
normal stars.

In this paper, we present a detailed analysis of the effects of
dark matter capture, annihilation and energy transport upon the
structure and evolution of main sequence stars, specifically those
which might exist at the Galactic centre. In Sect. 2 we give the full
description of the DarkStars code and its input physics alluded to
in Fairbairn et al. (2008) and Scott et al. (2008). Sect. 3 presents the
properties of main sequence dark stars, based upon a grid of stellar
models covering a range of masses and metallicities. We take up
the questions of the distribution of dark matter close to the Galactic
centre in Sect. 4, and the properties of stellar orbits there in Sect. 5.
In Sect. 6, we present results from further grids of evolutionary
models computed with realistic treatments of the environment and
orbits expected near the Galactic centre. We also discuss existing
and potential observations in Sect. 6, then give some final remarks
on the prospect of detecting or constraining the nature of dark mat-
ter through such observations in Sect. 7.

2 THEORY AND MODELLING

2.1 Capture, annihilation and energy injection

The total population of WIMPs N(t) present in a star is given
(Jungman et al. 1996) by the equation

dN(t)

dt
= C(t)� 2A(t)� E(t), (2.1)

where C(t) is the rate at which WIMPs are captured, A(t) is the
rate at which annihilations occur and E(t) is the evaporation rate.
The factor of 2 in the annihilation term arises because each anni-
hilation destroys two Majorana WIMPs. In many cases of interest
evaporation is negligible, but we will return to this point later.

Many approximations to the full expression for C(t) derived
by Gould (1987a) have appeared in the literature, with widely vary-
ing accuracies. Here we attempt to present the full theory in a com-
pact and usable form. We will also build upon the following in
Sect. 4 when we consider alternative halo models. For a star cap-
turing WIMPs from an infinitely distant halo, the capture rate is

C(t) = 4⇡

Z R?

0

r2

Z 1

0

f(u)

u
w⌦

�
v (w) du dr, (2.2)

where r is the local height in the star, u is the incoming WIMP
velocity before it is influenced by the star’s gravitational field and
f(u) is the WIMP velocity distribution in the halo. The local es-
cape velocity at a height r is v(r, t), and w = w(u, r, t) ⌘
p

u2
+ v(r, t)2 is the velocity an incoming WIMP obtains by the

time it reaches a height r. ⌦�v (w) is the rate at which a WIMP with
velocity w scatters to a velocity less than v, and thereby becomes
captured. This formula does not apply to capture from an already-
bound population of WIMPs, such as occurs in an adiabatically-
contracting DM-gas cloud.

For a scattering nucleus of mass mnuc and a WIMP mass m�,
kinematics dictate that the only collisions able to scatter a WIMP to
velocities less than v are those where the fraction � of the WIMP
energy lost in the collision obeys

u2

w2
6 � 6 µ

µ2
+

, (2.3)

with

µ ⌘ m�

mnuc
, µ± ⌘

µ± 1

2

. (2.4)

c� 2009 RAS, MNRAS 394, 82–104

f(u)

Velocity at r, due to gravity

Halo DM velocity distribution

Rate at which a WIMP of velocity 
w can scatter below vesc

c.f. direct detection: 

2 Event rate

The differential event rate, usually expressed in terms of counts/kg/day/keV (a quantity
referred to as a differential rate unit or dru) for a WIMP with mass mχ and a nucleus with
mass mN is given by

dR

dER
=

ρ0
mN mχ

∫

∞

vmin

vf(v)
dσWN

dER
(v,ER) dv , (1)

where ρ0 is the local WIMP density, dσWN

dER
(v,ER) is the differential cross-section for the

WIMP-nucleus elastic scattering and f(v) is the WIMP speed distribution in the detector
frame normalized to unity.

Since the WIMP-nucleon relative speed is of order 100 km−1 s−1 the elastic scattering
occurs in the extreme non-relativistic limit, and the recoil energy of the nucleon is easily
calculated in terms of the scattering angle in the center of mass frame, θ∗

ER =
µ2
Nv2(1− cos θ∗)

mN
, (2)

where µN = mχmN/(mχ +mN ) is the WIMP-nucleus reduced mass.
The lower limit of the integration over WIMP speeds is given by the minimum WIMP

speed which can cause a recoil of energy ER: vmin =
√

(mNER)/(2µ2
N ). The upper limit is

formally infinite, however the local escape speed vesc (see Sec. 3.2), is the maximum speed in

the Galactic rest frame for WIMPs which are gravitationally bound to the Milky Way.
The total event rate (per kilogram per day) is found by integrating the differential event

rate over all the possible recoil energies:

R =
∫

∞

ET

dER
ρ0

mN mχ

∫

∞

vmin

vf(v)
dσWN

dER
(v,ER) dv , (3)

where ET is the threshold energy, the smallest recoil energy which the detector is capable of
measuring.

The WIMP-nucleus differential cross section encodes the particle physics inputs (and as-
sociated uncertainties) including the WIMP interaction properties. It depends fundamentally
on the WIMP-quark interaction strength, which is calculated from the microscopic description
of the model, in terms of an effective Lagrangian describing the interaction of the particular
WIMP candidate with quarks and gluons. The resulting cross section is then promoted to
a WIMP-nucleon cross section. This entails the use of hadronic matrix elements, which de-
scribe the nucleon content in quarks and gluons, and are subject to large uncertainties. In
general, the WIMP-nucleus cross section can be separated into a spin-independent (scalar)
and a spin-dependent contribution,

dσWN

dER
=
(

dσWN

dER

)

SI
+
(

dσWN

dER

)

SD
. (4)

Finally, the total WIMP-nucleus cross section is calculated by adding coherently the above
spin and scalar components, using nuclear wave functions. The form factor, F (ER), encodes
the dependence on the momentum transfer, q =

√
2mNER, and accounts for the coherence

2

⌦(w) / w
X

i

ni

Z
|Fi(ER)|2

d�i

dER
dER

w(r) =
p

u2 + v2esc(r, t)
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DM in the sun: observable effects
Annihilation

The most obvious observable effect is annihilation:

• DM-DM ⟶ neutrinos: direct observation 

15

SD CROSS-SECTION LIMIT
• 90% C.L. upper limits on SD and SI WIMP-nucleon scattering cross sections, 

assuming equilibrium between annihilation and capture 

• Solar capture dominated by VSD, indirect search 
competitiveASD

SDSI m *  )(     0 FOVV and

[Phys. Rev. D85 (2012) 042002]

Very competitive  
!

but 
!

Model-dependent



DM in the sun: observable effects
Energy transport

If the self-annihilation is suppressed enough (e.g. in as 
in asymmetric DM), the “cloud” of DM accumulated in 
the solar core can transport kinetic energy outwards:

Core
nucleus mean free path  �

nuc

⌧ r
core

DM mean free path  �� � �nuc



Wimps in the sun: observable effects
Energy transport

Heat transport away from the core — effects:
Change in temperature 
visible with 8B neutrinos
�⌫,8B / T �

c ;� ⇠ 20� 25 !!



Wimps in the sun: observable effects
Energy transport

Heat transport away from the core — effects:
Change in temperature 
visible with 8B neutrinos

Change in structure 
sound speed and 
height of the convective 
zone can be inferred 
from helioseismology

�⌫,8B / T �
c ;� ⇠ 20� 25 !!



q and v-dependent DM in the Sun



Capture rates
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Diffusion coefficient 𝛼
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Conduction coefficient 𝜅
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Heat transport

L�(r) = 4⇡r2⇣2n(r)(r)n�(r)l�(r)


kBT (r)

m�

�1/2
kB

dT (r)

dr

/ 1

h�i

Smaller cross-section: DM can deposit energy farther away



Local vs non-local
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DarkStars
(Scott, Edsjo, Fairbairn 2009)


STARS + DarkSUSY


WIMP capture, annihilation and heat 
transport


Generic stellar evolution
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GARSTEC
(Weiss & Schlattl 2008)


High-precision (10-5) solar simulation 
code


Standard Solar Model: Full evolution 
from protostar to current age (4.57 
Gyr)


Nuclear burning, heat transport, 
convection, accurate EOS, 
molecular diffusion.
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+

GARSTEC
(Weiss & Schlattl 2008)


High-precision (10-5) solar simulation 
code


Standard Solar Model: Full evolution 
from protostar to current age (4.57 
Gyr)


Nuclear burning, heat transport, 
convection, accurate EOS, 
molecular diffusion.


DarkStars
(Scott, Edsjo, Fairbairn 2009)


STARS + DarkSUSY


WIMP capture, annihilation and heat 
transport


Generic stellar evolution


DarkStec
High-precision solar DM code 

 including v and q-dependence



Net effect of asymmetric DM in the Sun

Large cross-section:  
more captured DM

Optimal transport at 
Knudsen-LTE 
boundary

Maximum effect: 
!

𝞼SD~10-34 cm2 
𝞼SI  ~10-37 cm2 
!



Neutrino fluxes: constant cross-section
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Neutrino fluxes: 𝞼 ~v2, v4, q-2

Enhanced capture rate: 
maximum transport 
window at lower cross-
section 
!
!

Suppressed mean free 
path: 
Less overall heat conduction
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Neutrino fluxes: 𝞼 ~ v-2, q2
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Sound speed: Constant cross-section

Excluded by direct  
detection experiments
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Modelling error
Heliose ismology error
No DM
mχ = 15 GeV,σS I = 10−37 cm2

mχ = 5 GeV,σSD = 10−33 cm2
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Modell ing error
Heliose ismology error
No DM
q 2,SD
q 2,SI
v 2,SI

Best improvement: q2 

m� = 3GeV
�0 = 10�37 cm2



Probing the core

Measuring the frequency separation between the low-nu 
helioseismological modes allows us to probe the core 
while removing sources of error.



Solar core observable: model — observation
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BiSON data
Standard solar model
mχ = 15 GeV, σSI = 10−37 cm2

mχ = 5 GeV, σSD = 10−33 cm2
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BiSON data
Standard solar model
SD, q2, mχ = 5 GeV, σ0 = 10−30 cm2

SI, q2, mχ = 3 GeV, σ0 = 10−37 cm2

SD, v2, mχ = 5 GeV, σ0 = 10−35 cm2
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Standard solar model
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BiSON data
Standard solar model
mχ = 15 GeV, σSI = 10−37 cm2

mχ = 5 GeV, σSD = 10−33 cm2
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BiSON data
Standard solar model
SD, q2, mχ = 5 GeV, σ0 = 10−30 cm2

SI, q2, mχ = 3 GeV, σ0 = 10−37 cm2

SD, v2, mχ = 5 GeV, σ0 = 10−35 cm2
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Combined limits
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Combined limits: best models
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What is going on?
•Energy extracted from core to  
intermediate radii (0.2 < R < 0.6)

•Change in sound speed, core   
state variables —> small freq separations

•Temp. gradient readjustment up to RCZ 
➡ Convection sets in at slightly lower R



Other constraints
• Direct detection 

• Mass (3 GeV) still too low to have been seen 

• CDMSlite, DAMIC, SuperCDMS should probe this 
range 

• Collider limits 

• Effective operators ~              still ok.�̄�5�q̄q



To summarise
• SI, SD constant cross-sections bring some observables closer to agreement 

but 

• Suppress neutrino fluxes too much 

• Do not do that well in the core (small-freq separations) 

• Do not yield significantly better fit than SSM 

• All DM models we looked at give some improvement, but only q2 gives a good 
fit, and a significant, 6 sigma improvement over the standard solar model. 

• Mass is low - evaporation?  

• Could the solution to the solar abundance problem be the first hint of particle 
DM?



Thank you


