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Probes of the sun

Given a solar model, helioseismological 
observations (frequencies of different modes 

on the solar surface) can be inverted to obtain 
very precise  determinations of observables 
including the sound speed,   convective 
zone radius and structure of the core

Helioseismology

Neutrinos
pp constrained by overall 

luminosity,  but other byproducts 
of pp chain extremely sensitive 

to T. e.g     
�! ,8B / T 25

c

Obvious
Mass, age, radius, luminosity 

are extremely well-measured and  
are the first thing any solar model  

must satisfy.
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Solar composition problem

revised - old abundances

Bergemann & 
Serenelli 2014

RCZ ,� = 0.713 ± 0.001R�

RCZ,SSM = 0.722 ± 0.004R�

Mainly: smaller mean molecular 
weight, which shifts 

temperature, pressure, density 
gradients 3



Solar composition problem
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Small frequency separations: a probe of the core

r02(n) =
d02(n)
! 1(n)

r13(n) =
d13(n)

! 0(n+ 1)

�l (n) ⌘ ⌫n,l � ⌫n ! 1,l

dl,l+2(n) ! ⌫n,l " ⌫n! 1,l+2

' �(4l + 6)
! l(n)

4! 2"n,l

! R!

0

dcs
dr

dr

r

SSM describes the 
core very badly
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Asymmetric DM in stars

Core
nucleus/photon mean free path  !

nuc

⌧ r
core

DM mean free path  �� � �nuc

This idea dates back to first solar crisis: the 
neutrino disappearance problem  

Neuenberg, Gould, Spergel, Press, …

Asymmetric DM: if the population of anti-DM is 
suppressed enough (as in ADM) or  if there’s an 
asymmetry between the DM vs anti-DM capture rate 
(Blennow & Clementz 1512.03317), then you can 
accumulate enough DM to make things interesting
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Energy transport by DM: two motivations

Lopes et al 2002

Discovering DM properties
Especially interesting 

since sun & direct detection probe 
the same process (elastic 

scattering), but in very different 
regimes

Addressing SCP

Frandsen & Sarkar 2010

Was noticed early on that lower 
opacity could alleviate problem: 
Extra heat transport may be just 

what the doctor ordered
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Heat transport: two regimes

Interactions too strong

Efficient momentum transfer but  
DM is “stuck"
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optimal heat transport
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Warm-up: non-local (isothermal) case:

If the interactions are non-local, the DM temperature is the 
average of the temperatures of the particles with which it 

scatters; no correlation between location and DM T

n(r)
iso

= N0e
�m! ! (r)/ ø

T!

T̄! =

R
d3rT! (r )h! vin! (T̄! )nbR

d3r h! vin! nb
.

(solve iteratively)

Spergel & Press 1985

Luminosity: L
iso

(r) ! �

!
r

0
n
i

(r! )n! (r! ) (T" (r! ) " T! )

"
m

n

T! + m! T" (r)
m! mn

r!2dr;

*remember to sum/average over nuclear species when applicable 9



Local thermal equilibrium: Boltzmann  to the rescue!*

DF = l ! 1
� CF

D(!u, !r, t ) = " t + !u · ! !r + !g(!r ) · ! !uDifferential operator:

F (!u, !r, t)DM distribution: 

Collision rate 
 with nuclei: 

l�1
! (!u, !r, t )C(!u, !r, t )

DF = 0 Thermal (M-B) distribution

DF != 0 Conduction!
*actually Gould & Raffelt 1990 10



Solving the BCE: assumptions

1. Dilute gas: DM-DM interactions are very weak 
2. Local isotropy: angular dependence drops out 
3. Conduction approximation:  

• Local thermal equilibrium:  l ! ! r !

l ! ! |" ln(T)|

This allows an expansion in powers of ! ! l ! 1
! |" ln(T)|

F = F0 + ! F1 + ... F0 = n! (r)
!

m!

2! T (r)

" 3/ 2

e�
m ! v 2

2T ( r )

n�(r )
Still missing:

L ! (r ) !
!

d3!v
1
2

m!v2F1(r, !v)
DF 0 =

✏

l !
CF1

Solve:
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D = !u á! !r + !g(r ) á! !u

Assuming stationarity:

" = l�1
! |! logT|DF 0 =

!
l!

CF1

Left-hand side:

F0 = n! (r)
!

m!

2! T (r)

" 3/ 2

e�
m ! v 2

2T ( r ) DF 0 =
"

l�
~u á

!
↵(r ) +

m�u2

2T(r )
r ln T

|r ln T|

"
F0

alpha is the bit of DF that’s independent of u: i.e. it’s specified by 
the radial distribution

! !
1

|" ln T(r )|

!
" ln n�(r ) #

m�g(r )
T(r )

#
3
2

" ln T(r )
"

n! (r ) = n! (0)
!

T(r )
T(0)

" 3/ 2

exp

#

!
$ r

0

! (r !) dT
dr ! + m!

d"
dr !

T (r !)
dr !

%
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Meanwhile the luminosity is defined:

L(r) = 4 ! r2
!

d3vv(m! v
2/2) cos"F (v, r)

This is a projection onto the first Legendre polynomial! i.e. 
the only surviving term is the dipole part of F(v,r) 

!
!

cos! Fd cos!

F0 (Maxwell-Boltzmann) is isotropic
Only the dipole part of F1 contributes

F = F0 + ! F1 + ...

Pulling dimensionful quantities out:

L = 4⇡r 2n! (r )l ! (r )
✓

T(r )
m!

◆1/ 2

(r )

Dimensionless thermal conductivity
13



L = 4⇡r 2n! (r )l ! (r )
✓

T(r )
m!

◆1/ 2

(r )

n! (r ) = n! (0)
!

T(r )
T(0)

" 3/ 2

exp

#

!
$ r

0

! (r !) dT
dr ! + m!

d"
dr !

T (r !)
dr !

%

!
! Dimensionless molecular diffusivity

Dimensionless thermal conductivity

Dimensionless, eh?
x ! v/v T
y ! u/v T

f i = Fi /n !

|f ! " f (y)

Q|f ! "
!

Q(x, y)f (x)dx

!g|Q|f " #
!

g(y)Q(x, y)f (x)dxdy

14



Then:
DF = l ! 1

� CF ↵|yf 0! " |y3f 0! = C|f 1!

!y|f 1" = 0 (stationarity)

! =

!
2

3
"y3|f 1#

All that’s missing is C: C = Cin ! Cout

Cout (x, r ) =
Z

d3vrel |vrel |! (vrel )Fnuc (vnuc ), Rate of scattering from 
 x to any other velocity

Cj
in (y, x, r ) ! (1 + µ)4 y

x

! 1

0
da

! 1

0
db Fnuc (~z)2⇡b"Pj ö�#

Rate of scattering from  
any velocity to x

b

a

 

 

 

θab’  

b’

 

θab

φab’ 

θCM 
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Cout (x, r ) =
Z

d3vrel |vrel |! (vrel )Fnuc (vnuc ),

Cj
in (y, x, r ) ! (1 + µ)4 y

x

! 1

0
da

! 1

0
db Fnuc (~z)2⇡b"Pj ö�#

Function of                        and DM-nucleus cross-section µ ⌘ m! /m N

↵|yf 0! " |y3f 0! = C|f 1!

↵ =
!y|C! 1|y3f 0"
!y|C! 1|yf 0"

|f 1! = C! 1↵|yf 0! " C! 1|y3f 0!

! =

!
2

3
"y3|f 1#

Expressing C(x,y) as an infinity-by-infinity* invertible matrix:

*100x100 does the trick 16



When the smoke clears

n! (r ) = n! (0)
!

T(r )
T(0)

" 3/ 2

exp

#

!
$ r

0

! (r !) dT
dr ! + m!

d"
dr !

T (r !)
dr !

%

L = 4⇡r 2n! (r )l ! (r )
✓

T(r )
m!

◆1/ 2

(r )

µ = mχ/m N

10-2 10-1 100 101 102

α

2

2.05

2.1

2.15

2.2

2.25

2.3

2.35

2.4

2.45

2.5

µ = m! /m N

10-2 10-1 100 101 102

"

1

1.5

2

2.5

3

3.5

4

4.5

Multiple species: ↵ =
!

i

�i ni (r )
"

j �j nj (r )
↵i (µi ) ! =

!

l ! (r )
"

i

[! i (µi )l i (r )]! 1

# ! 1
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Putting it all together

Gould & Raffelt 1990
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Spin-independent
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34 Can see right away that  
we’re in trouble: 

•Optimal masses (where 
kinetic matching is best) 
very low, near evaporation 
threshold mevap ~ 4 GeV 

•Required cross sections 
way above direct detection 
bounds 
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Nonetheless

Lopes et al 2002 Cumberbatch et al 2010
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Can get interesting results, but 
1) very large cross sections 
2) Crazy effects near centre: !

-spike in sound speed!
-large neutrino suppression 

Taoso et al 2010 
ÒWe encounter signiÞcant 

modiÞcations of the density 
and temperature proÞles only in 

the inner regions of the Sun 
while outer shells are not 

signiÞcantly affected. We can 
therefore exclude that the 

transport of energy [by DM] 
can solve or alleviate the SCP.Ó
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Beyond the billiard ball

1) Very large cross sections !
Sun & direct detection probe the same process 
(elastic scattering), but in very different regimes

Sun Direct detection
Sensitive to the low-velocity 

end of the Milky Way DM  
distribution: easier to capture 

slowly-moving DM.

Large momentum transfers (recoil 
energies) much easier to  detect: 

sensitive to high v, high-q interactions 

2) Crazy e!ects near the centre  
Can we smooth out the effect of transport to get an 
effect higher up, while reducing it near r = 0?

21



Beyond the billiard ball

� = �(s, t, u)

vrel

q =
!

2mtarget ER ! mtarget ! vtarget } small!

In the non-relativistic limit, can expand in: 

Different Lorentz structures of  
interaction vertices give different  
low-energy behaviour 
A lot of recent work on this: Fan 2010, Fitzpatrick 
2012, Catena 2014, 2015, Dent 2015, …

In general

!

22



For concreteness, let’s look at two forms:

! = ! 0

!
vrel

v0

" n

! = ! 0

!
q

q0

" n

n = {�2, 2, 4}where

! (µ)! (µ), for conduction

Recompute Cin (! ), Cout (! )

↵ =
!y|C! 1|y3f 0"
!y|C! 1|yf 0"

! =

!
2

3
"y3|f 1#

SI: Couples to everything
SD: mostly hydrogen

Need to recompute:
Capture rate

! 1

0

f(u)

u
w! �

v (w)du !
! 1

0

f(u)

u

"
w

v0

# 2n

w! �
v (w)du

!
|F (ER )|2dER =

!
e! aq2

dq !
!

e! aq2
"

q
q0

# 2n

dq

gamma fcts.

ACV 
Scott 

Serenelli 
2014-2016
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Diffusion coefficient !
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µ

!

 

 

" ! const.
" ! v−2
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n > 1: “tighter” dark 
matter core

µ = m! /mnuc µ = m! /mnuc

n < 1: “fluffier” dark 
matter core 
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Conduction coefficient "

10
−2

10
−1

10
0

10
1

10
2

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

10
1

µ

!

 

 

" ! const.
" ! v2

" ! q2

" ! v4

" ! q4

10
!2

10
!1

10
0

10
1

10
2

10
0

10
1

10
2

10
3

10
4

µ

!
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n > 1:less efficient 
energy transport 

µ = m! /mnuc µ = m! /mnuc

n < 1: more efficient 
energy transport 
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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

26



Change cap rate

conduction rate

27



900 simulations later….
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Sound speed

Core
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wow!
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30

8B/8Bobs



Can get amazing improvements… but what about other 
constraints?
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CDMSlite (2015), CRESST-II

~300 eV threshold: very  
sensitive to light DM!!

ROI

Spin-dependent interactions? 
about 7% of Ge carries  

nonzero spin
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CDMSlite (2015), CRESST-II

ROI

Spin-dependent interactions? 
about 7% of Ge carries  

nonzero spin

ROI
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CDMS

b.f.x

Spin-dependent

CDMS

CDMS

CDMS

x

x
x

v2

v4

q! 2

34



Still an improvement over the SSM… (                 )! ! 2 > 100

35



Evaporation

For a constant cross section, m < 4 GeV or so means the 
DM will evaporate (Gould, 1987, 1990) 

Again needs to be recomputed with � ! �(q, v)

Work in progress: Busoni, de Simone, Scott, Serenelli, ACV
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What could these successful models be?

All spin-dependent (to evade DD constraints)

�! �n / v2

�

�̄

q̄

q

�µ �⌫�5

…but also leads to  
a larger q2 coupling 

that is ruled out

�! �n ! q�2

Simplified models 
don’t produce this, 

but long-range 
forces? Light 

mediator?

! ��n / v4

???
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Long-range forces?

Lopes et al 2013 
1402.0682 
1310.0673

Dark Photon

Dipole DM
Set constraints on 
interaction strength

38



Long-range forces?

Dipole

Anapole

also 
species-dependent

! , "
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Work in progress
Geytenbeek 

Rao, Scott, Serenelli 
Vincent, White, 
Williams 2016,  

in prep

-These are rather 
large values 
-Still need to  
check the core 

40



Summary

Can we solve the solar composition problem with ADM?
We can make it better, but it’s a squeeze 
Next steps: Evaporation, realistic models

What if the DM solution is ruled out?
We’re getting an improvement… is there a 
hint there?
Apply this to other stars. What can we say 
about DM this way?
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Thanks
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