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It is easy to see from eq. (1) that for cross sections
σ ! M4

Pl/m
2 ∼ 10−104 cm2(m/GeV)−2, the second term

dominates, and the minimum required mass scales (at
constant λ) in the same way as for the fermionic parti-
cles with a different (and potentially much smaller) co-
efficient. The best experimental constraints on the self-
interaction cross section come from the Bullet Cluster,
σ/m < 2× 10−24cm2/GeV [32].
Several conditions have to be satisfied for a gravita-

tional collapse of WIMPs inside a neutron star to occur.
Firstly, a sufficient number of dark matter particles must
be accumulated during the lifetime of the neutron star.
The accretion of WIMPs onto a typical 1.4M" neutron
star in a globular cluster, taking into account relativis-
tic effects, has been calculated in [9]. The total mass of
accreted WIMPs is

Macc = 4.3× 1046
(

ρdm
103GeV/cm3

)(

t

109years

)

f GeV,

(2)
where the “efficiency” factor f = 1 if the WIMP-
nucleon cross section satisfies σn > 10−45cm2, and f =
σn/(10−45cm2) if σn < 10−45cm2. The condition

Macc > Mcrit (3)

guarantees that the accumulated dark matter mass is
above the critical value (1).
Secondly, the newly-formed black hole must accrete

matter faster than it evaporates due to Hawking radia-
tion. In the Bondi regime of accretion, the change of the
black hole mass M with time is given by the equation

dM

dt
=

4πρcG2M2

c3s
−

1

15360πG2M2
, (4)

where cs and ρc are the speed of sound and the mass
density of the neutron star core, respectively. The first
term corresponds to the Bondi accretion while the sec-
ond represents the energy loss due to Hawking radiation.
Since the accretion increases while the Hawking radiation
decreases as a function of M , it is the initial mass of the
black hole that determines its fate. Requiring that the
first term dominates when the black hole is formed gives
the condition

M > 5.7× 1036 GeV. (5)

Here we have used ρc = 5×1038 GeV/cm3 and cs = 0.17.
Any black hole with the initial mass satisfying eq. (5) will
eventually destroy the whole star, while the smaller black
holes will evaporate with no detectable effect.
The third condition necessary for the WIMP col-

lapse into a black hole is the onset of the WIMP
self-gravitation. WIMPs captured by the neutron star
quickly thermalize [9] and concentrate in the center
within the radius

rth % 2 m

(

Tc

105K

)1/2
( m

GeV

)−1/2
, (6)

where Tc is the temperature of the star core. When their
total mass M increases beyond the mass of the ordinary
matter within the same radius,

M > Msg =
4

3
πρcr

3
th = 2.2× 1046 GeV

( m

GeV

)−3/2
,

(7)
their own gravitational field starts to dominate over that
of the star and the self-gravitation regime sets in, leading
to the gravitational collapse provided the condition (3) is
satisfied. It can be seen from eq. (2) that (7) is satisified
if the WIMP mass is larger than ∼1 GeV (∼143 GeV)
for ρdm = 103GeV/cm3 (ρdm = 0.3GeV/cm3), but not
for lighter WIMPs.
However, if WIMPs are bosons as we assume in this

letter, they can form a Bose-Einstein condensate (BEC).
Since this state is more compact, the self-gravitation in
this case starts for a smaller number of particles before
the condition (7) is satisfied. The particle density re-
quired to form BEC is

n % 4.7× 1028cm−3
( m

GeV

)3/2
(

Tc

105K

)3/2

.

Assuming an old neutron star with a temperature Tc =
105 K, the number of WIMPs needed in order for BEC
to form is NBEC % 2× 1036. All the WIMPs accreted in
excess of this value will go into the condensed state. For
most of the cases of our interest, the number of accreted
WIMPs will be larger than NBEC, so eq. (7) has to be
reconsidered.
The size of the condensed state is determined by the

radius of the wave function of the ground state in the
gravitational potential of the star,

rc =

(

8π

3
Gρcm

2

)−1/4

% 1.6×10−4

(

GeV

m

)1/2

cm. (8)

Substituting this size in place of rth in eq. (7) we get

M > 8× 1027 GeV
( m

GeV

)−3/2
. (9)

In view of eq. (2), the amount of dark matter sufficient for
WIMP self-gravitation in the condensed state can always
be accumulated provided that the WIMP is heavier than
∼ 0.1 eV, which covers all cases of interest. Thus, due to
the formation of BEC the requirement of self-gravitation
does not provide an extra condition.
Finally, the accumulation of WIMPs may become in-

efficient if they may escape from the neutron star once
captured, which is a danger at small WIMP masses. It
can be seen from eq. (6) that for WIMP masses in the
keV range the radius of the WIMP lump becomes com-
parable to the size of the star, so that WIMPs in the
tail of the Maxwell-Boltzmann distribution of velocities
may escape. The rate F of WIMP evaporation can be
estimated as follows [34],

F = ns

(

T

2πm

)1/2

(1 +GMm/RT ) exp(−GMm/RT ),

(10)


