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Constraints on Light Dark Matter from Core-Collapse Supernovae
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We show that light ( ’ 1–30 MeV) dark matter particles can play a significant role in core-collapse
supernovae, if they have relatively large annihilation and scattering cross sections, as compared to
neutrinos. We find that if such particles are lighter than ’ 10 MeV and reproduce the observed dark matter
relic density, supernovae would cool on a much longer time scale and would emit neutrinos with
significantly smaller energies than in the standard scenario, in disagreement with observations. This
constraint may be avoided, however, in certain situations for which the neutrino-dark-matter scattering
cross sections remain comparatively small.
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The identity of our Universe’s dark matter is one of the
most interesting questions in modern cosmology. Although
a wide range of viable particle candidates have been pro-
posed, none has been confirmed experimentally. The dark
matter candidates most often studied are weakly interact-
ing particles with masses in the �100 GeV to TeV scale.

Such dark matter particles should not be too light,
otherwise they could not annihilate sufficiently. Still it is
possible to consider light dark matter (LDM) particles,
with the right relic abundance to constitute the nonbar-
yonic dark matter of the Universe, provided one also
introduces new efficient mechanisms responsible for their
annihilations. Such annihilations into, most notably, e�e�,
could correspond to the exchanges of new heavy (e.g.,
mirror) fermions (in the case of light spin-0 dark matter
particles), or of a new neutral gauge boson U [1], light but
very weakly coupled [2], and still leading to relatively
‘‘large’’ annihilation cross sections.

The subsequent observation by the INTEGRAL/SPI
experiment of a bright 511 keV �-ray line from the galactic
bulge [3] could then be viewed as a sign of the annihila-
tions of positrons originating from such light dark matter
particle annihilations [4,5]. These particles, explaining
both the nonbaryonic dark matter of the Universe and
the 511 keV line, may have spin- 1

2 as well as spin-0 [6].
They could even potentially improve the agreement be-
tween the predicted and observed abundances of primor-
dial 2H and 4He, as long as LDM particles are not too
strongly coupled to neutrinos [7].

It may well be that the required positrons [8] come from
one or another kind of stellar explosions [9], but it is worth
considering alternatives, given our present state of under-
standing. We shall therefore focus on the light dark matter
interpretation of the 511 keV line. [Other exotic particle
physics scenarios which could generate this emission have
been proposed in [10].]

Given the large rate of positrons produced, smaller dark
matter masses tend to be preferred, to avoid an excessive
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production of unobserved � rays [6]. More specifically, if
such particles are heavier than 20–30 MeV, internal brems-
strahlung (and bremsstrahlung) photons are likely to ex-
ceed the observed number of � rays from the galactic bulge
[11]. And, if they were heavier than even 3 MeV, the � rays
generated through the resulting e�e� annihilations might
also be inconsistent with observations [12].

If MeV-scale dark matter particles do exist, they will be
thermally generated in the core of collapsing stars. They
can affect thermal freeze-out of weakly interacting neutri-
nos, depending on their mass, and annihilation and elastic
scattering cross sections.

Ordinary neutrinos stay in thermal equilibrium down to
temperatures ’2 or 3 MeV during the expansion of the
Universe, and down to ’8 MeV or so, in supernovae
explosions. Light dark matter particles of mass mX anni-
hilate into ordinary ones, staying in equilibrium until they
decouple. This occurs, during the expansion of the
Universe, at TF � mX=xF, with xF ’ 17. In a supernova
explosion LDM particles will remain in chemical equilib-
rium with other particles, until the temperature drops down
to some value TDMS, to be determined later (cf. Fig. 1).

As long as their abundance remains sufficient, these
light dark matter particles can also influence the behavior
of neutrinos in a supernova by having relatively ‘‘large’’
interactions with them, e.g., through U exchanges [1,13].
Neutrinos may then be kept longer in thermal equilibrium
as a result of stronger-than-weak interactions with LDM
particles, so that their decoupling temperature, in super-
novae explosions, would be significantly lower than in the
standard model, if dark matter particles are sufficiently
light. A crucial ingredient will then be the magnitude of
the neutrino-LDM elastic scattering cross section.

We now consider quantitatively these effects through a
simple model based on the diffusion approximation [15].
We begin with the transport equation:

_n� ~5 � ~� � ��annvr�n2 � n2
eq�; (1)
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FIG. 1. Temperature of the LDM sphere TDMS for �annvr / v
2

(P wave), normalized so as to lead to the observed relic density.
The dashed lines correspond to LDM-nucleon elastic scattering
cross section / T2 and (from top to bottom) 1, 10, 102, 103, 104,
and 105 times larger than the corresponding neutrino-nucleon
cross section. The solid line shows the case of a massive ��, for
comparison.
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where ~� is the LDM flux, n the number density of LDM
particles, and neq its equilibrium value for a LDM massmX

at temperature T with vanishing chemical potential. �ann is
the LDM, anti-LDM annihilation cross section [or self-
annihilation if the LDM is its own antiparticle [16] ], and vr

the relative velocity of the two annihilating particles.
In the following, cross sections will be taken at typical

thermal energies. We now adopt the diffusion approxima-
tion, ~� � �D ~rn, where D � �v=3 is the diffusion coef-
ficient and � � �

P
ini�Xi�

�1 the LDM mean free path,
which depends on the densities ni of all the particle species
with which the LDM interacts with cross sections �Xi.
Assuming spherical symmetry and stationarity, we can
write Eq. (1) as
21130
Dn00 �
�
D0 �

2D
r

�
n0 � �annvr�n2 � n2

eq�; (2)

where the primes denote derivatives with respect to
radius r.

We define the ‘‘LDM sphere’’ as the surface beyond
which LDM annihilations (into e�e�, � ��, . . .) ‘‘freeze
out’’. The number density of LDM particles inside of this
LDM sphere should approach its equilibrium value neq.
The radius of this sphere, RDMS, can be estimated by
solving

��������Dn00eq �

�
D0 �

2D
r

�
n0eq

��������RDMS

� ��annvrn2
eq	RDMS

: (3)

The radius of the surface of last scattering of LDM
particles is found by solving

R
1
RLS
dr
P
ini�r��Xi ’ 1. We

shall concentrate here on LDM scatterings on nucleons (in
practice mostly neutrons) with density nN�r�, and elastic
cross section �XN , the actual RLS radius being at least as
large as the one we shall estimate by disregarding the other
species. This is sufficient to demonstrate that LDMs (and
therefore eventually neutrinos, with which these LDM
particles are normally coupled) decouple at lower densities
and temperatures than in the standard model [17].

For the situations of interest, the LDM sphere lies within
the last scattering sphere, so that the diffusion approxima-
tion is justified. Indeed, annihilation cross sections of LDM
particles are normally comparable to LDM scattering cross
sections with ordinary particles [18], so that if LDMs can
still annihilate they can still also scatter.

To determine the LDM sphere and surface of last scat-
tering, we must adopt a LDM mass and a set of (annihila-
tion and scattering) cross sections, as well as a distribution
of nucleons nN�r� and their temperature T�r� in the proto-
neutron star. We will use the following parametrizations,
which should be reasonable within the range�15–100 km
we are concerned with [19]:
nN�r� ’

8>>>><
>>>>:

6
 1035 cm�3�23 km
r �

7:8; r < 23 km;

6
 1035 cm�3�23 km
r �

12:8; 23 km< r < 44 km; T�r��

(
5:2 MeV�25 km

r �
2:6; r < 25 km;

5:2 MeV�25 km
r �

1:2; r > 25 km:
1:2
 1033 cm�3�44km

r �
3:0; r > 44 km;

(4)
These are characteristic for the first few seconds over
which most of the cooling takes place, in the standard
scenario.

We note that the presence of LDM could considerably
modify profiles compared to the standard scenario.
However, we will find (Fig. 1) that LDM reproducing the
relic density and having �XN � �ann are so strongly
coupled that they essentially stay in equilibrium as long
as they are not Boltzmann suppressed, so that they freeze
out at temperatures TDMS & mX=3 for LDM masses of
interest here.
Annihilation cross sections.—The magnitude of the an-
nihilation cross section of LDM particles, at cosmological
freeze-out time, is fixed by the relic density requirement
[1,6]. This leads to ��annvr=c�F ’ a few pb.

In the preferred case of a P-wave annihilation cross
section (or at least P-wave dominated at freeze-out),
�annvr is roughly proportional to v2, so that
��annvr=c�P-wave ’ �3
 10�35 cm2�v2=c2. This also turns
out to be the right order of magnitude for a correct injection
rate of positrons in the galactic bulge. More precise state-
ments about the respective roles of P-wave and S-wave
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contributions to LDM annihilations in the galactic bulge
depend on assumptions for the profile of the dark matter
mass and velocity distribution within the bulge [20].

We shall often have in mind a simple situation in which a
scalar or fermionic dark matter particle annihilates (or
interacts) through the virtual production (or exchange)
[1,6] of a new light gauge boson, U [2]. This leads natu-
rally to a P-wave annihilation cross section, both in the
spin-0 case, and in the spin- 1

2 case as well if the U boson
has vectorial (or mostly vectorial) couplings to leptons and
quarks.

The couplings of the light U to standard model particles
should of course be relatively small. They are restricted,
especially for the axial couplings, by searches for axionlike
particles, low-jq2j neutrino scattering experiments, parity-
violation atomic-physics experiments, anomalous mag-
netic moments of charged leptons, etc. [1,2,6,21,22]. The
U is then generally expected to be more strongly coupled
to dark matter than to standard model particles. For spin-0
LDMs there may also be S-wave contributions to the
annihilation amplitudes, from the exchanges of new heavy
(e.g., mirror) fermions.

Results on the temperature of the LDM sphere.—In
Fig. 1, we plot the temperature of this sphere for a
P-wave dominated annihilation cross section (/v2), nor-
malized to generate the measured relic density. The results
for a S-wave dominated one are found to be very similar,
since it has the same value as a P-wave dominated one (up
to a factor ’ 2) for a dark matter velocity equal to its
freeze-out value, vF ’ 0:4c. The dashed lines in Fig. 1
correspond to various elastic scattering cross sections.
The solid line shows, for comparison, the case of a weakly
interacting �� with a MeV-scale mass. While the tempera-
ture T ’ 10 MeV resulting for massless neutrinos in Fig. 1
comes out a bit higher than the value ’ 8 MeV from more
detailed treatments [23], what is most important is the
relative value of the LDM and neutrino temperatures.

This shows that MeV-scale LDMs will remain in equi-
librium throughout the proto-neutron star at least down to
relatively low temperatures T ’ 3 MeV, as an effect of the
large values of the annihilation cross sections of LDM
particles. This occurs even if we do not assume rather
high values of the scattering cross sections of LDM parti-
cles with ordinary ones. Large scattering cross sections
then contribute to further reinforce the effect by increasing
the LDM diffusion time allowing to keep LDM particles at
chemical equilibrium down to even lower values of the
temperature, possibly down to TDMS ’ 1 MeV, as illus-
trated by the lower dashed curves of Fig. 1.

Consequences for the neutrino temperature.—Thus light
dark matter particles with relatively large annihilation
cross sections (as required from relic abundance) remain
in equilibrium down to lower temperatures, T & 3 MeV.
This feature may be transmitted to neutrinos that will stay
longer in thermal equilibrium as a result of their interac-
tions with LDM particles, provided neutrino-LDM cross
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sections are also enhanced as compared to ordinary neu-
trino cross sections.

The kinetic Eqs. (2) and (3), and the one fixing RLS are
formally the same for neutrinos, substituting the relevant
cross sections and equilibrium density for the neutrino
flavor considered. Inside the LDM sphere the relevant
quantities may be approximated as

D� ’
v

3�nN��N � neq;X��X�
;

�ann� ’ �� ��!X �X�orXX� � �SM;
(5)

where �SM indicates the standard model contribution. The
LDMs are kinematically accessible by neutrinos for tem-
peratures not much lower than mX=3. If indeed the cross
sections for neutrino-LDM scattering and neutrino annihi-
lations into LDMs are comparable to the ones for LDM-
nucleon scattering and LDM annihilations into leptons
(supposed to be large), respectively, the quantities in
Eq. (5) will be dominated by the nonstandard contribu-
tions. This is because LDM cross sections are normally ’
a few pb (at freeze-out velocity), more than ’ 104 larger
than weak-interaction cross sections (’G2

FT
2), at the rele-

vant energies.
Neutrinos should then stay in chemical equilibrium at

least as long as the LDMs do and T * mX=3. We then
conclude that mX & 10 MeV would give rise to neutrino
decoupling temperatures &3:3 MeV for all flavors, as
compared to ’8 MeV for �� and �� in the standard
scenario.

This would make it quite unlikely to observe neutrinos
with energy of order 30–40 MeV, as have been observed
from SN1987A [24], especially for emission spectra that
are suppressed at the highest energies compared to thermal
distributions because the cross sections increase with en-
ergy [23], in which case we can conclude that lighter LDM
masses & 10 MeV are practically excluded.

All this relies, of course, on the potentially ‘‘large’’ size
of the neutrino-LDM scattering and � ��! LDM’s annihi-
lation cross sections, normally expected to be comparable
to the large LDM0s! e�e� annihilation cross section.

There are special situations, however, for which the U
boson would have no coupling at all (or suppressed cou-
plings) to neutrinos [25]. Also, for a spin-0 LDM particle
interacting through the exchanges of heavy (e.g., mirror)
fermions, the �-LDM interactions gets severely suppressed
(as compared to electron or nucleon-LDM interactions),
due to the chiral character of the neutrino field [1,6]. In
both cases we end up with no significant enhancement of
neutrino-LDM interactions, so that the presence of the
LDM particles has no direct significant effect on the be-
havior of neutrinos, then still expected to decouple at ’
8 MeV (for �� and ��), as usual. In such a case, no new
constraint is obtained on the mass mX of LDM particles.

The above results may also be obtained, or understood,
as follows. Let us return to LDM particles rather
‘‘strongly’’ coupled to neutrinos (and nucleons), both types
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of particles decoupling at T & 3:3 MeV. As LDMs can
then contribute, at most, as much to the cooling flux as the
neutrinos (due to fewer degrees of freedom), the cooling
time scale would be larger than in the standard scenario by
a factor * �8=3:3�4=2 ’ 20 because the thermal flux is also
/ T4. As SN1987A observations were consistent with the
standard cooling time scale of 10–20 s, such nonstandard
scenarios are then very strongly disfavored, to say the least.

The cooling time scale can also be estimated by the
diffusion time �diff � R

2
NS=�. This is dominated by the

innermost regions of the hot neutron star of size RNS ’
10 km, whose density is not significantly modified by the
presence of LDM. At a typical temperature T ’ 30 MeV,
��N ’ 11G2

FT
2=� ’ 1:7
 10�40 cm2, and at nuclear den-

sities neq � nN=100. Thus, for neutrino-LDM cross sec-
tions comparable to electron-LDM ones (i.e., typically
* 4
 10�36 cm2, so that ��X * 104��N), the neutrino
mean free path is dominated by interactions with the
thermal population of LDMs, so that �� � �neq��X�

�1 &

0:3 cm, as compared to �� � �nN��N��1 � 35 cm in the
standard scenario. The LDM mean free path is even
shorter, �LDM � �nN�XN��1 & 1:5
 10�3 cm, assuming
�XN � ��X � �eX (or even less if LDM self-interactions
were to contribute significantly). In the interior of the
proto-neutron star the energy flux is thus dominated by
neutrinos. The cooling time scale is a factor * 100 larger
than in the standard scenario, consistent with the previous
argument. This cooling time argument may be extended up
to higher LDM masses ’ 20 or even 30 MeV, i.e., as long
as LDMs are significantly present at T ’ 30 MeV, and
rather strongly coupled to neutrinos.

Given that about 3
 1053 erg of binding energy has to
be liberated during �diff , in the relativistic regime the
freeze-out temperature will scale as T� / �

�1=4
diff . For

�XN * 104��N�T � 30 MeV�, this argument suggests T�
will be a factor * 3 times smaller than usual, as found
previously.

In conclusion, we have demonstrated that light dark
matter models with generically ‘‘large’’ cross sections
fixed to reproduce the relic dark matter density are consid-
erably disfavored by the resulting modification of core-
collapse supernova cooling dynamics if the dark matter
mass is & 10 MeV, at least.

Depending on how strict �-ray constraints from the
galactic bulge are, the new supernovae constraint presented
here could strongly disfavor the possibility that annihilat-
ing dark matter particles be the source of the 511 keV
emission from the galactic bulge.

Or, conversely, these new results could indicate that
neutrino-LDM interactions should not be enhanced, favor-
ing a U boson with no (or small) couplings to neutrinos
and/or a spin-0 dark matter particle interacting through
heavy fermion exchanges.
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[13] This appears as the counterpart of situations in which the

propagation of neutrinos could affect the dark matter
properties [14].

[14] C. Bœhm, P. Fayet, and R. Schaeffer, Phys. Lett. B 518, 8
(2001).

[15] G. Sigl and M. S. Turner, Phys. Rev. D 51, 1499 (1995).
[16] The factor 1

2 that ought to be present in the right-hand side
of Eq. (1) then disappears since two self-conjugate LDM
particles are removed in each annihilation.

[17] The scatterings of dark matter particles with e�, e�, �,
and ��’s may also be important, in which case RLS would
be larger than considered here (solely from nucleons). The
same may occur for the self-scatterings of LDM particles.

[18] Except, of course, in specific situations for which �ann gets
reinforced as the exchanged particle (e.g., a U boson) can
be nearly on shell. �annvr could then be large while
scattering cross sections would be significantly smaller.

[19] T. Janka (private communications).
[20] Y. Ascasibar et al., astro-ph/0507142; Y. Rasera et al.,

Phys. Rev. D 73, 103518 (2006).
[21] C. Bouchiat and P. Fayet, Phys. Lett. B 608, 87 (2005).
[22] In particular, the couplings to e and �, if vectorial, should

verify fVe & 2
 10�4 mU�MeV�, and fV� & 6
 10�4,
for mU >me (respectively mU <m�), i.e., in any case are
required to be significantly smaller than e ’ 0:3.

[23] M. T. Keil, G. G. Raffelt, and H. T. Janka, Astrophys. J.
590, 971 (2003).

[24] See, e.g., G. Raffelt, Stars as Laboratories for Funda-
mental Physics (University of Chicago Press, Chicago,
1997).

[25] P. Fayet, Nucl. Phys. B347, 743 (1990).


