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Probes of the sun

Obvious Neutrinos
Mass, age, radius, luminosity pp constrained by overall
are extremely well-measured and luminosity, but other byproducts
are the first thing any solar model of pp chain extremely sensitive
must satisty. toT. e.g

¢! 8B 0.4 T(225

Helioseismology

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




Solar composition problem
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Solar composition problem

Small frequency separations: a probe of the core
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Asymmetric DM In stars

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

Core
§\ nucleus/photon mean free path ! ,,c < Tcore

DM mean free path  Ax > Anuc
his iIdea dates back to first solar crisis: the
neutrino disappearance problem
Neuenberg, Gould, Spergel, Press, ... 5



Discovering DM properties

Especially interesting
since sun & direct detection probe
the same process (elastic
scattering), but in very different

regimes
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—nergy transport by DM: two motivations

f Addressing SCP \

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 weak Interactions too strong
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DM goes far but Efficient momentum transfer but
cannot efficiently transfer momentum DM is “stuck”



e I it

e B

=

o
w
o

=

o
N
[{e]

PSRRI g
‘/ o

=

o
N
(o]

Transported energy [erg/s]
o

=

o
N
(6]

Knudsen |
(non-local) 1o

K11

K | I!/r!

D
[ 1]

I 05D (CM?)

optimal heat transport



Warm-up: non-local (isothermal) case:

If the Interactions are non-local, the
average of the temperatures of the

DM temperature Is the

narticles with which it

scatters: no correlation between location and DM T

n(1)iso = Noe~ ™ ' (/M

—

T‘ﬁ! (1) viny (Ty )N

Luminosity: Liso(r)! o O ni (Y () (T () "

*remember to sum/average over nuclear species when applicable

[ d3r

(I'vyn, ny
(solve iteratively)

) my, Dy + my T (7) 2

ma Moy,

Spergel & Press 1985
9



Local thermal equiliorium: Boltzmann to the rescue!”
11
DF =1, "CF
X
Difterential operator: D (L, Ft)=";,+U-! .+ b(I) ! 4
DM distribution:  F(k, ¥, t)

Collision rate 71U,k t)C(U, 1 t)

with nuclel:
DF =0 >  Thermal (M-B) distribution
DF £EO >  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 equiliorium: I, !,
L] In(T))
his allows an expansion in powers of ! ! I} " In(T)]
: 32 .2
F=Fo+ !|Fi+ ... Fo = ni (7) 2!?(@ e T
Still missing: Solve:
N ()

] DF ¢ = I_prl
Ly (r) ! d3&/§m&/2|:1(r, V) |

11



DF , = l!_c|:1 e= 17! logT]|
!

Assuming stationarity:
D==uba {+pb(r)a
Left-hand side:

32 e _, m,us VinT
m e_zf(r) — DF(): —lja Oz(l’)+ X

F
20 T(r) l 2T(r) [VInT| *°

Fo = ny (7)

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

n /n\]': Ty ¥ ) m dr{ |
n, (M) £ O o) In BXpr)!# T ?’fl_a!)...'F'\.bir
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Meanwhile the luminosity is defined:

L(r)=41r°

dPvv(mi v%/2)cos" F(v,r)!  cos! Fdcos!

This is a projection onto the first Legendre polynomial! 1.e.
the only surviving term is the dipole part of F(v,r)

F=Fo+ !Fp+ ..

Fo (Maxwell-Boltzmann) is isotropic

Only the dipo

€

nart of F1 contributes

=

L =

ling dimensionful quantities out:

T(r)>1/2

M,

47ren, (r)l (r) < k(T )

l

( Dimensionless thermal Conductivity)

13




1/ 2
L = 47r2n, (N, (r) (T(r)> k(1)

m;
= 3/ 2 D da
Dimensionless molecular diffusivity
Dimensionless thermal conductivity
Dimensionless, eh?
X! vivy f1r" f(y)
f3|": l;/.\;r: QIf 1" Q(x,y)f (x)dx

QIQIT ™ #  a(y)Q(X,y)t (x)dxdy
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Then:
DF = IIX:LCF Oé‘yf()!" ‘y3f0| — C‘fll

lylf1"=0  (stationarity)

2
! — fq1
3 "yef 1

All that’s missingis C: C =Cin ! Cout

Cout (X, I') = /dBVreI [Vrer ' (Vrel ) Fruc (Viue ) Rate of Scattering from
X to any other velocity

Cl (y,, Nt u)4y da  dbFuc(2)270'P; 67
0 0

Rate of scattering from
any velocity to x

15



Cout (X, r ) — /dBVreI Vel |! (Vrel )Fnuc (Vnuc ),

Cl(y,xr)! (L+ u)“% da  dbFuc(2)270'P; 67
0 0

Function of L =My /MmNy and DM-nucleus cross-section

Expressing C(x,y) as an infinity-by-infinity” invertible matrix:
Oé‘yf()l ! ‘ygf()l — C‘f 1!

o= - ._ —V‘fll = C 1&‘yf0!" C 1‘y3fo!

"100x100 does the trick i



When the smoke clears

) TO T T e m g
n, (r) = n, (0) 70 exp ! i D dr
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Putting it all together
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FiG. 11.—Maximum luminosity carried by WIMPs in our “ generic " stellar
model described in Fig. 8. The maximum refers to the luminosity curve 8¢ and
the corresponding curves for other mean free paths. Each of the black dots
corresponds to a Monte Carlo run for that value of the mfp. The dashed line is
the formula used by Gilliland et al. (1986) in their investigation of WIMP heat
transport in the Sun.

Gould & Raffelt 1990

Ny (1) = F(K)ny LTE + [1 — F(K)] iy isos

Lx,total(ra t) = f(K)b(T, t)Lx,LTE (T’ t)'

3
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Can see right away that
we’re In trouble:

eOptimal masses (where
Kinetic matching is best)
very low, near evaporation
threshold mevap ~ 4 GeV

eRequired cross sections
way above direct detection
bounds

19



Nonetheless
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Sound Speed Difference

oot : Taoso et al 2010
OWe encounter signibcant
modibcations of the density
and temperature probles only in

o
o
—

(Sun-Model) /Sun
o
o
S
(62}

the inner regions of the Sun
o\ //\ ‘while outer shells are not
‘\ L‘-% signibcantly affected. We can
0005 Cdimberbatch et al 2010 therefore exclude that the

0 oz 04 08 08 transport of energy [by DM]
adius (Reon) can solve or alleviate the SCP.O

Can get interesting results, but
1) very large cross sections

2) Crazy effects near centre: |
-spike in sound speed!
-large neutrino suppression

20



Seyond the billiard ball

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

e

Sun Direct detection
Sensitive to the low-velocity Large momentum transfers (recoill
end of the Milky Way DM energies) much easier to detect:
distribution: easier to capture sensitive to high v, high-g interactions

slowly-moving DM.

2) Crazy elects near the centre
Can we smooth out the effect of transport to get an
effect higher up, while reducing it near r = 07?

21



Seyond the billiard ball

Ingeneral O — O‘(S, t, u)
In the non-relativistic limit, can expand In:

\G/

smalll

Urel

q= 2Miarget Er ! Miarget ! Vtarget

Different Lorentz structures of
interaction vertices give different |

Ow-energy behaviour
A lot of recent work on this: Fan 2010, Fitzpatrick
2012, Catena 2014, 2015, Dent 2015, ...




ACV
For concreteness, let’s look at two forms: Scott

Serenelli
2014-2016

- ]
Urel

(%0

Sl: Couples to everything
where n={-2,2,4 SD: mostly hydrogen

I (W),! (1) for conduction
W) v Recompute Cin ('), Cout (1)

0 u

F(ER)RdER = & Pdql . ly|C* Hy*fo"
ly|CH lyfo"

2

gamma fcts. | = ?"y If 1




Diffusion coefficient !
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Conduction coefficient *
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" DarkStars  ~ GARSTEC

(Scott, Edsjo, Fairbairn 2009) (Weiss & Schlattl 2008)
STARS + DarkSUSY High-precision (10°) solar simulation
code
WIMP capture, annihilation and heat
transport Standard Solar Model: Full evolution
T from protostar to current age (4.57
Generic stellar evolution Gyr)

Nuclear burning, heat trnsport s

convection, accurate EOg. 4%

I“\\C
Qolecular diffusion.

DarkStec

High-precision solar DM code
Including v and g-dependence

o




Change cap rate
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900 simulations later....
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Model (my,00)p.5. PR ¢h. Rcz/Ro Y X p
SSM - 495 4.71 0.722 0.2356  275.9 <1071
const (15,107%7)  3.48 4.37 0.721 0.2348  122.2 <1071
g2 (3,107%¢) 3.9  4.38 0.719 0.2336  35.17 0.508
q> (3,10733) 393 4.38 0.719 0.2334  31.02 0.704
osr | ¢ (3,10732) 3.92 4.36 0.718 0.2331  27.52 0.844
v 2 (5,107%%)  3.82 4.41 0.72 0.2345  75.54 1.26 x10~*
v? (5,1073%) 347 4.28 0.72 0234  96.48  1.99x10°7
v (3,107%7) 431 4.51 0.72 0.2343  85.38  6.84x10°°
const (5,107%%)  3.36  4.27 0.72 0.2341  100.2 5.8x10~%
g2 t(3,107%9) 322 4.16 0.718 0.2333 119.48 < 10710
g2 (5,1073%)  3.85 4.42 0.721 0.2346 80.7 2.82x107°
osp | ¢* (3,10-31) 469 4.64 0.721 0.2352 194 < 10-10
v 2 (3,10731) 411 4.48 0.72 0.2346  82.15 1.83x107°
v? t (5,107%%) 3.88 4.43 0.721 0.2346  83.44  1.24x107°
v t(3,107%7) 439 4.54 0.72 0.2346  110.6  1.63x107°
Obs. —  5.00 4.82 0.713 0.2485 —~ —~
Obs. error - 3% 5% 0.001 0.0034 - -
Model error - 4% % 0.004 0.0035 - —~

Can get amazing

improvements... but what about other
constraints?




O

DMSlite (2015), CRESST-II
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~300 eV threshold: very  Spin-dependent interactions?
sensitive to light DM!! about 7% of Ge carries
NnOoNZzero spin
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DMSlite (2015), C

RESST-I

Spin-dependent
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(my,00)p.5. PR ®%. Rcoz/Re Y X p
SSM - 495 4.71 0.722 0.2356  275.9 <1071
const (15,107%7)  3.48 4.37 0.721 0.2348  122.2 <1010
g2 (3,107%¢) 3.9  4.38 0.719 0.2336  35.17 0.508
g2 (3,1073%)  3.93 4.38 0.719 0.2334  31.02 0.704
ost | q* (3,107%2)  3.92 4.36 0.718 0.2331  27.52 0.844
v 2 (5,10734)  3.82 4.41 0.72 0.2345  75.54 1.26 x10~¢
v2 (5,1073%)  3.47  4.28 0.72 0.234 96.48  1.99x10°7
v? (3,10737) 431 4.51 0.72 0.2343  85.38  6.84x10°
const (5,107%%)  3.36  4.27 0.72 0.2341  100.2 5.8x10~°
g2 t(3,107%9) 3.22 4.16 0.718 0.2333 119.48 <1010
q° (5,1073%)  3.85 4.42 0.721 0.2346 80.7 2.82x107°
osp | ¢* (3,10731) 469 4.64 0.721 0.2352 194 < 10-10
v2 (3,1073) 411  4.48 0.72 0.2346  82.15 1.83x107°
v2 t(5,107%%) 3.88 4.43 0.721 0.2346 8344  1.24x107°
vt t(3,107%7) 439 4.54 0.72 0.2346  110.6  1.63x107°
Obs. — 500 4.82 0.713 0.2485 -~ -~
Obs. error - 3% 5% 0.001 0.0034 - -~
Model error - 14% ™% 0.004 0.0035 ~ -

Still an improvement over the SSM... (I 1 ¢ > 10()
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—vaporation

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

Again needs to be recomputed with o — o(q, V)

Work in progress: Busoni, de Simone, Scott, Serenelli, ACV

S




What could these successful models be?

All spin-dependent (to evade DD constraints)

01 _p OC V? o _n! Q7 | n o v”
X q Simplified models
,, don’t produce this, (e
but long-range
X Q : forces? Light

mediator? G
...but also leads 1o @
a larger g? coupling

that Is ruled out
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L ong-range forces”
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[ ong-range forces?
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Work In progress

Cobs — Cmodel

SI: m, = 3, 0y = 1073 cm?
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Cobs — Cmodel
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Radius R/R.

Geytenbeek
Rao, Scott, Serenell
Vincent, White,
Williams 2016,

In prep

-These are rather
large values

-Still need to
check the core
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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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