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Basic idea

• WIMPs in the process of 
being captured will 
constitute a halo of 
WIMPs around the Sun

• Annihilations of these 
WIMPs in the halo could 
produce e.g. gamma rays

• Maybe these can be seen?

χ



Earlier work
• Early estimates by Strausz (’98) showed that gamma ray fluxes 

could be detectable

• Hooper (’01) revisited the problem and found much lower 
gamma ray fluxes (by many orders of magnitude)

• Both of these calculations use rather simple approximative 
calculations

• Fleysher (’03) performed calculations and found even higher 
rates than Strausz 

• MILAGRO has searched for this gamma-ray signal without 
success

• We here want to revisit the problem with a more careful 3D 
calculation to settle the issue – can these gamma rays be 
observed or not?
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Outline of calculation
(done as a Monte Carlo)

• Let WIMPs from the Milky Way halo interact with 
elements in the Sun

• Calculate the energy loss in the interaction and 
put the WIMP on a new (almost) Keplerian orbit

• Calculate lifetime of this orbit and its contribution 
to the WIMP density outside the Sun

• Continue with subsequent scatterings until the 
WIMP is entirely inside the Sun



The WIMP Milky Way halo

• We here assume a ‘standard’ Maxwell-
Boltzmann velocity distribution of WIMPs 
in the halo

• As the WIMPs approach the (moving) Sun, 
they will be gravitationally focused and have 
increased their velocity due to the Sun’s 
gravitation



WIMP scatterings
• The WIMPs scatter either via spin-

dependent scattering (Hydrogen only) or 
via spin-independent scattering on 
Hydrogen and heavier elements 
(exponential form factors used for these).

• We have included all major elements with distributions inside the Sun 
given by the solar model of Bahcall et al. (’01) and with heavier 
elements from Grevesse and Sauval (’98)

• After each scatter, we calculate the actual orbit for each WIMP 
(elliptical outside the Sun, and a perturbed elliptical inside)

• We calculate the lifetime of the WIMP given the amount of material 
traversed through the Sun and the cross sections and then let it 
interact again and again until it is completely inside the Sun.

χ



More on WIMP scattering

• As the WIMPs scatter, we kill the process of 
scatterings if the lifetime would be more than 
the age of the solar system.

• Given the lifetime of each WIMP orbit, we can 
calculate its contribution to the WIMP halo 
density around the Sun (as we know how much 
time it spends at different radii).

• Example: For scattering only on Hydrogen, for a 
100 GeV WIMP, about 40 scatters are needed 
before complete entrapment within the Sun.



Monte Carlo setup

• We do this calculation with a Monte Carlo

- choosing WIMPs from the halo velocity 
distribution, and

- picking scattering energy losses, 
interaction places etc according to their 
probability distributions



Base parameters
• As a base set of parameters, we have chosen:

- mWIMP = 100, 300, 1000, 3000, 10000 GeV

- σSI = 10-5 pb

- σSD = 10-3 pb

• but results do not depend (much) on the cross sections.

• Lower cross sections means that the probability for the 
first scatter is lower. However, the lifetime of the orbits 
(and hence the contribution to the density) are then 
higher. These two effects exactly cancel (unless if the 
lifetime > age of the solar system)



Line number density after one scatter

• The line number 
density, N,  is the 
density of WIMPs 
(summing up all 
WIMPs on a given 
radius).

• The 3D number 
density, n, is given 
by
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Line density around the Sun
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Fits to the line densities

• We can fit the line densities (the fit is optimized 
for low radii, where the density is the highest)

• The fit does not depend on the cross sections 
(unless for extremeley low cross sections).

Using the derivations of this report, the WIMP density around the Sun
has been calculated by making Monte Carlo simulations of the capture pro-
cess. The structure of the Monte Carlo simulation is given in the section
below. These simulations have been made for different WIMP masses and
for when the spin dependent respectively the spin independent cross section
is dominating. The results of these simulations are shown in figures 6 to 7.
The line number density can be well approximated by

nSD = 1025.21−1.015x

(

r

r"

)−0.48

m−1 (35)

nSI = 1023.71−0.2332x−0.1056x2

(

r

r"

)−0.40

m−1 (36)

with x = log10

(

M

1 GeV

)

. (37)

The density is then given by the line density divided by 4πr2. The fits given
above are optimized to be best for small radii, as these are the most important
for calculating the flux from annihilation in this halo around the Sun.

4.1 The halo number density dependence on the cross
section and WIMP mass

SS: Include graph with much lower cross sections
Note that the magnitude of the cross section, except for very low cross

sections, is insignificant for the WIMP density around the Sun. This is
because the capture rate of galactic WIMPs in the Sun is proportional to
the cross section, while the lifetime of a WIMP orbit is proportional to the
inverse of the cross section. However, if the cross section is very small the
finite age of the Sun can reduce the halo density since the scatter process
of the captured WIMPs is for some proportion of the orbits so slow that
equilibrium has simply not yet been reached. The internal relation between
the spin dependent and spin independent cross section is however important
since this determines weather or not the WIMPs scatter mostly off hydrogen
or mostly off heavier elements.

The WIMP density around the Sun is seen to not be all that sensitive to
the WIMP mass. A heavy WIMP is more difficult for the Sun to capture
but on the other hand the number of scatters needed before complete solar
entrapment increases.
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Gamma ray production

• Knowing the density of WIMPs around the 
Sun, we can write the flux of gamma rays at 
Earth as

where we just have to evaluate the line of 
sight integral for our given densities

5 Gamma ray flux at Earth from WIMP an-
nihilations in the Sun’s halo

JE: Expand this section with more spectra, fluxes etc
The number of WIMP annihilations, ΓA, for a given volume is in general

given by

ΓA =
1

2

∫

σvn2 dV (38)

where σv is assumed to be constant for low velocities. The flux of gamma
radiation from a small source is at Earth

Φγ = ΓA
1

4πl2
Nγ (39)

where Nγ is the average number of gamma rays created in a WIMP annihi-
lation and l is the distance between the gamma ray source and the telescope
at Earth.

Here the WIMP density only depends on the distance from the centre of
the Sun, r. Combining expressions (??) and (??) one gets the observed flux
at Earth per infinitesimal solid angle

dΦγ

dΩ
=

1

8π
σvNγ

∫

n2(r) dl (40)

which can be evaluated using r2 = l2+R2−2Rl cos(θ) where R is the distance
between the Earth and the Sun and θ is the angle between the direction of
observation and the direction towards the centre of the Sun.

Since gamma rays can not pass trough the Sun one gets a limit in l at
the Sun’s surface in the integration, when the line of sight intersects the Sun,
giving

l ≤ R cos θ −
√

r2
! − R2 sin2 θ when θ ≤ arcsin

(

r!
R

)

(41)

The gamma ray flux at Earth per steradian, from expression (48), is
shown in figure 8. When looking just outside the rim of the Sun the graph
peaks since the distance probed by the telescope suddenly increases. The
gamma ray flux decreases fast with increasing θ since the WIMP overdensity
falls off fast with distance.

The total flux at Earth from these WIMP annihilations integrated out to
some maximum angle, θmax, is

Φγ =
1

4
σvNγ

∫ lmax

0

∫ θmax

0
n2 sin θ dl dθ (42)

20

Number of photons / annihilation



Gamma ray fluxes
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Putting in the numbers

• Now put in some typical numbers

- σv = 10-26 cm3/s

- Nγ = 20

• We then get the following fluxes (m-2 s-1)

For the simple choice of parameters

σv = 10−32 m3s−1 and Nγ = 20 (43)

the total gamma ray flux at Earth can be determined from (49). The result
is shown in table 1 for some WIMP parameter configurations.

Note that the WIMP annihilation rate is much lower than the capture
rate and hence has no significant impact on the WIMP dencity.

SS: uppdatera tabellen!

M = 100 GeV M = 1 TeV M = 10 TeV
σsd = 10−3 pb, σsi = 0 5.3 · 10−19 6.8 · 10−21 3.2 · 10−23

σsd = 0, σsi = 10−5 pb 1.1 · 10−19 3.7 · 10−21 5.5 · 10−23

Table 1: The total flux (photons per m2 per second) at Earth of gamma rays
from the Sun’s WIMP halo.

6 Discussion

6.1 Are these results reasonable?

This calculated signal is truly very weak. The first question to be addressed
is if this low value seems reasonable using simpler arguments. Using what we
have learned about the capture process and the shape of the WIMP density
profile one can, assuming that these qualitatively observations are valid, quite
easily make an upper estimate of the magnitude of the WIMP density.

The total capture rate of WIMPs by the Sun has been calculated also in
previous work (cite!), believing this to be correct one only needs to make an
upper estimate of the typical time scale for the WIMP capture process.

We will in this section study the WIMP configuration M = 100 GeV,
σsd = 10−3 pb and σsi = 0. From the Monte Carlo simulations one finds
it to be extremely unlikely for a WIMP of this kind to to need more than
50 scatters for complete solar entrapment, which is easily verified to be rea-
sonable by looking at the kinematics of the scatters. We will here assume
our hypothetical WIMP to loose the same amount of energy in each of its
50 scatters, giving an upper estimate of the orbit time since it increases the
proportion of large orbits.

The next assumption is that our WIMP has zero total energy before its
first scatter. By this assumption the largest bound orbits are not taken into
account, however, these orbits do not contribute much to the WIMP density
close to the Sun since a particle in an elliptical orbit spends most of its time
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What about MILAGRO?

• Effective area for 
MILAGRO search (2004) 
for excess gamma events 
around the Sun

• Use this to convert our 
fluxes to events passing 
the MILAGRO search 
cuts

8

FIG. 2: Integrated effective area AT
k as a function of photon (solid) and proton (dashed) energy

(see equation (3)) for the circular 1.26◦ bin centered on the Sun for the trigger condition and cuts
used in this analysis.

B. Limit on the photon flux due to neutralino annihilations

Because the two close direct-production spectral lines can not be resolved by the Milagro
detector, the differential photon flux due to neutralino annihilations is assumed to have the
form (see [6]):

dF (Eγ)

dEγ
= Fδδ(Eγ − mχ) +

Fc

mχ
·

(

Eγ

mχ

)−3/2
e−7.8E/mχ

∫ 1
0.01 x−3/2e−7.8xdx

(4)

where Fδ is the integral flux due to a δ-function-like photon annihilation channel and Fc

is the integral flux of photons with energies greater than 0.01 ·mχ due to continuum photon
spectrum annihilation channel of neutralinos with mass mχ. Here, the normalization of the
continuum photon spectrum has been written out explicitly.

Using this expression for the flux with the integrated effective area of the detector, we find
a relationship between the number of observed events Nγ and the integral flux parameters
Fδ and Fc in the form:

Fδ∆ + FcΣ = Nγ (5)

Phys. Rev. D70, 083516 (2004)



Absolute events

• Total number of events expected in the 
MILAGO search (2004).

• Kind of hopeless...

Case \ Mass 100 GeV 1 TeV 10 TeV

σSD = 10-3 pb 
σSI = 0

5.3· 10-12 4.1· 10-12 1.9· 10-12

σSD = 0
σSI = 10-5 pb

1.1· 10-12 2.2· 10-12 3.3· 10-12



Comparison with other work

• Let’s calculate the fraction of annihilations 
in the Sun that occur outside the Sun (as 
compared to inside after complete capture)



Comparison with other work

• Let’s calculate the fraction of annihilations 
in the Sun that occur outside the Sun (as 
compared to inside after complete capture)

Strausz fout ~ 10-7 – 10-5

Hooper fout ~ 10-18 – 10-16

Fleysher (Milagro) fout ~ 0.1 - 0.2

Our work fout ~ 10-21 – 10-19



Comparison with other work

• Let’s calculate the fraction of annihilations 
in the Sun that occur outside the Sun (as 
compared to inside after complete capture)

Strausz fout ~ 10-7 – 10-5

Hooper fout ~ 10-18 – 10-16

Fleysher (Milagro) fout ~ 0.1 - 0.2

Our work fout ~ 10-21 – 10-19



Comparison with other work

• Let’s calculate the fraction of annihilations 
in the Sun that occur outside the Sun (as 
compared to inside after complete capture)

Strausz fout ~ 10-7 – 10-5

Hooper fout ~ 10-18 – 10-16

Fleysher (Milagro) fout ~ 0.1 - 0.2

Our work fout ~ 10-21 – 10-19



Comparison with other work

• Let’s calculate the fraction of annihilations 
in the Sun that occur outside the Sun (as 
compared to inside after complete capture)

Strausz fout ~ 10-7 – 10-5

Hooper fout ~ 10-18 – 10-16

Fleysher (Milagro) fout ~ 0.1 - 0.2

Our work fout ~ 10-21 – 10-19



Tests done to check our code

• We have performed several tests to check our calculation:

- with our Monte Carlo, we can calculate the total capture 
rate and compare with e.g. the formulae by Gould. They 
agree very well

- We have also checked partial results to see that we 
retrieve the probability distributions we should

- We have also made simplified semi-analytical calculations 
to get upper bounds on the annihilation in the WIMP 
halo around the Sun. They give results a few orders of 
magnitude higher than our full Monte Carlo, i.e. 
consistent with our results. 



Possible effect of Jupiter
• In our setup, we treat the WIMP-Sun system as an isolated 2-body system

• This is clearly an approximation as the planets can perturb the WIMP orbits

• According to Annika Peter that has performed recent detailed simulations of 
WIMP diffusion in the solar system, Jupiter will perturb orbits that reach out 
to it:

- on a timescale ~104 years, orbits intersecting the Sun, will be moved 
outside the Sun

- on a timescale ~106 years, orbits will be thrown out of the solar system

• The first effect means that we could have underestimated the lifetime of 
some orbits by a factor of up to 100.

• The second effect means that we could have overestimated the contribution 
from some orbits by (as we have the age of the solar system as cut-off, not 
106 years)

• Preliminary results show that the effect seems to be very small, and in either 
case, it cannot give us the many, many orders of magnitude needed to see a 
signal.



Conclusions

• We have performed a careful 3D Monte 
Carlo simulation of the WIMP halo around 
the Sun to estimate the possible gamma ray 
signal from it

• The gamma ray signal is very, very small and 
hopeless to detect with e.g. Milagro.


