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MeV-mass dark matter and primordial nucleosynthesis

Pasquale D. Serpico and Georg G. Raffelt
Max-Planck-Institut fu¨r Physik (Werner-Heisenberg-Institut), Fo¨hringer Ring 6, 80805 Mu¨nchen, Germany

~Received 22 March 2004; published 20 August 2004!

The annihilation of new dark matter candidates with massesmX in the MeV range may account for the
galactic positrons that are required to explain the 511 keVg-ray flux from the galactic bulge. We study the
impact of MeV-mass thermal relic particles on the primordial synthesis of2H, 4He, and 7Li. If the new
particles are in thermal equilibrium with neutrinos during the nucleosynthesis epoch they increase the helium
mass fraction formX&10 MeV and are thus disfavored. If they couple primarily to the electromagnetic plasma
they can have the opposite effect of lowering both helium and deuterium. FormX54 –10 MeV they can even
improve the overall agreement between the predicted and observed2H and 4He abundances.

DOI: 10.1103/PhysRevD.70.043526 PACS number~s!: 95.35.1d, 14.80.2j, 26.35.1c
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I. INTRODUCTION

In a recent series of papers the intriguing possibility w
explored that the cosmic dark matter consists of new elem
tary particles with masses in the MeV range@1–5#. While
weakly interacting massive particles~WIMPs! as dark matter
candidates, notably supersymmetric particles, are usu
thought to have masses exceeding tens of GeV, it is not
ficult to come up with viable MeV-mass candidates such
sterile neutrinos@6# or axinos@7#. The remarkable aspect o
the MeV candidates studied in Refs.@1–5# is that they are
taken to bethermal relics and thus require a primordial an
nihilation rate much larger than given by ordinary weak
teractions. Contrary to naive intuition, such particles are
excluded by any obvious laboratory measurement or as
physical argument@1–5,8#. Quite on the contrary, it was ar
gued that the annihilation of these dark matter particles in
galactic bulge can produce enough positrons to explain
511 keVg-ray signature that was recently confirmed by t
INTEGRAL satellite @9,10# and that seems difficult to ex
plain with traditional astrophysical sources. Alternatively, d
caying low-mass dark matter particles have also been
posed as a positron source@11,12#.

In the early universe, weak interactions freeze out a
temperature of about 1 MeV, just before the epoch of b
bang nucleosynthesis~BBN!. Therefore, MeV-mass particle
with larger-than-weak interaction rates are expected to b
thermal equilibrium at BBN or just before and thus wou
add to the primordial energy density and expansion rate.
naively expects such particles to increase the primordial
lium mass fractionYp , exacerbating the tension between o
servations and the BBN prediction. This expectation be
out for new particles coupling primarily to neutrinos. How
ever, the new particles proposed in Refs.@1–5# would prima-
rily interact with the electromagnetic plasma. It turns out th
the BBN effects of these particles are non-trivial and c
tainly disfavor masses below about 2 MeV, but masses in
approximate range 4–10 MeV actually have the oppo
effect of lowering Yp without significantly affecting deute
rium. Therefore, the concordance between the predicted
observed4He and2H abundances is slightly improved. Th
little-known but intriguing effect was found a long time ag
in a general study of the impact of new particles on BB
1550-7998/2004/70~4!/043526~10!/$22.50 70 0435
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@13#. The main purpose of our work is to re-examine th
effect in the context of the MeV-mass dark matter hypothe
and with the help of a modern BBN calculation and curre
observational data.

In addition to our BBN study presented in Sec. II w
briefly consider two other possible consequences of M
mass dark matter particles. In Sec. III we note that the sa
mechanism proposed to explain theg-ray signature from the
galactic bulge should also produce a diffuse background
low-energy cosmic-ray positrons in the solar neighborho
This argument strengthens the conclusion reached inde
dently in Refs.@1–5# that an s-wave annihilation cross se
tion for the reactionXX̄→e1e2 is strongly disfavored. Fur-
ther, in Sec. IV we consider possible energy-transfer effe
caused by such particles trapped in the Sun or other s
These effects turn out to be very small because the trap
efficiency is inhibited by the smallness ofmX . In Sec. V we
summarize our conclusions.

II. MEV-MASS PARTICLES AND BIG-BANG
NUCLEOSYNTHESIS

A. Impact of new particles

Thermal relic particles freeze out at a cosmic temperat
TF that for weakly interacting particles is about 1 MeV. If th
particle mass is somewhat larger thanTF the number density
is suppressed by annihilations so that the relic density
maximal formX of orderTF , i.e. for neutrinos the relic mas
density would be maximal for MeV-range masses and ov
close the universe by about five orders of magnitude@14#.
Therefore, MeV-mass thermal relics must interact far m
strongly than neutrinos so that they annihilate more e
ciently to reduce their density to a level compatible with t
dark-matter abundance. We briefly summarize the relati
ship between the annihilation cross section and the relic d
sity in Appendix A. The result reveals that MeV-mass da
matter particles must have been in thermal equilibriu
throughout most of the primordial nucleosynthesis epoch
that the exact final dark-matter abundance is not relevant
our study. We will use the equilibrium assumption in o
numerical implementation that was performed by a modifi
version of the new BBNCODE recently developed in Nap
and documented in Ref.@15#.
©2004 The American Physical Society26-1
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The impact of our new particles on BBN differs qualit
tively and quantitatively depending on the dominant ann
lation and scattering channels. Before turning to spec
cases we discuss how the BBN equations and inputs ar
fected. To this end we first note that the new particles en
BBN through the second Friedmann equationH2

5(8p/3)GNr tot by their contribution to the total mass
energy densityr tot . We consider theX-particles to be in
perfect thermal equilibrium and assume that the number d
sities of particles and antiparticles are the same for th
cases whereX5” X̄. The number density, pressure, and ene
density contributed by the new particles is thus taken to

nX5
gX

2p2
TX

3E
x

`

dy
y~y22x2!1/2

ey61
,

PX5
gX

6p2
TX

4E
x

`

dy
~y22x2!3/2

ey61
,

rX5
gX

2p2
TX

4E
x

`

dy
y2~y22x2!1/2

ey61
, ~1!

wherex5mX /TX and the sign1 (2) refers to fermion~bo-
son! statistics.TX is identical with the ambient neutrino tem
peratureTn for X-particles that dominantly couple to neutr
nos, whileTX5Tg for the electromagnetically coupled cas
Sincey>x.0 and

~ey61!215e2y(
n50

`

~71!ne2ny ~2!

we may expand the thermal integrals as

E
x

`

dy
y~y22x2!1/2

ey61
5x2(

n50

`

~71!n
K2@~11n!x#

11n
,

E
x

`

dy
~y22x2!3/2

ey61
53x2(

n50

`

~71!n
K2@~11n!x#

~11n!2
,

E
x

`

dy
y2~y22x2!1/2

ey61

5E
x

`

dy
~y22x2!3/2

ey61
1x2E

x

`

dy
~y22x2!1/2

ey61

5 (
n50

`

~71!nS 3x2
K2@~11n!x#

~11n!2
1x3

K1@~11n!x#

11n D ,

~3!

whereKl(x) is the special Bessel function of orderl. In the
numerical code the series are truncated atn54. The error of
the physical quantities is always<0.18%.

A more subtle effect is caused by the conservation
entropy that implies a modified relation between the neutr
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temperatureTn and that of the electromagnetic plasmaT
[Tg . The cosmic entropy density is

s5
2p2

45
gs* T35

2p2

45
T3(

i
gs*

i , ~4!

where

gs*
i ~T!5

2p2

45T3

r i1Pi

Ti

5S Ti

T D 3S (
bosons

gi1
7

8 (
fermions

gi D .

~5!

The second equality applies for relativistic species, i.e. in
absence of warm species wherem;T. Note thatgs*

i is al-
ways considered as a function of the temperatureT of the
electromagnetic plasma, not ofTi ~a different notation is
used in Ref. @13#!. After neutrino decoupling atTD
'2.3 MeV @16#, the entropy in a comoving volume is sep
rately conserved for the ‘‘neutrino plasma’’ and the elect
magnetic one so that

Fgs*
n ~TD!

gs*
n ~T!

gs*
g ~T!

gs*
g ~TD!

G 1/3

51. ~6!

For new particles being only electromagnetically coup
this equation simplifies to

T

Tn
5Fgs*

g ~TD!

gs*
g ~T!

G 1/3

, ~7!

thus giving a higher temperature ratio relative to the stand
case. This simulates the effect ofNeff,3 thermally excited
neutrino species at BBN and thus a reduced primordial
lium abundance. The opposite is true forn-coupled new par-
ticles.

The modifiedTn(T) relation also affects then↔p weak
rates that depend on bothT andTn through the phase-spac
dependence of the initial and final states of the processes
implemented the modification of these rates in a perturba
way by introducing the small parameter

d~T!5
Tn

0~T!2Tn~T!

Tn~T!
, ~8!

whereTn
0(T) is the standard dependence on the electrom

netic temperatureT. Typically d assumes values of orde
0.01 and is always smaller than about 0.1. The neutrino t
perature enters the weak rates through Fermi factors of
kind

1

11exp~azn!
, ~9!

where zn5me /Tn . Therefore, the additional terms for th
rates can be obtained by integrating the factors
6-2
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1

11exp@azn
0~11d!#

2
1

11exp~azn
0!

5 (
n51

`

f n~azn
0!dn,

~10!

where in our numerical treatment the series was truncate
the third term. The corrections and the standard rates in
Born approximation were used to compute numerically
relative changes to the rates. Therefore, in the limitd→0
one recovers then↔p rates including finite mass, QED ra
diative and thermodynamic corrections, while disregard
modifications of these subleading effects in thed5” 0 correc-
tions. We finish with six functionse i(T)

DGn→p

Gn→p
0

5en1~T!d1en2~T!d21en3~T!d3,

DGp→n

Gp→n
0

5ep1~T!d1ep2~T!d21ep3~T!d3, ~11!

fitting the change in the weak rates with an accuracy be
than 5%.

In principle, one has a single covariant energy conser
tion equation for all components of the primordial plasm
For the sake of simplicity, however, in the previous cons
erations the ‘‘two fluids entropy conservation’’ was used
obtain theTn(T) relation. We can now derive the evolutio
of the thermodynamical quantities by applying the covari
energy conservation law to one of the two plasmas, e.g.
electromagnetic one, so that the first Friedmann equatio

dT

dt
523H~rem1Pem!S drem

dT D 21

, ~12!

where H depends onr tot through the second Friedman
equation. If the additional speciesX couples to the electro
magnetic fluid, theT-t-relation is further affected by a mod
fied (rem1Pem) factor, at least until the scattering freeze-o
is reached. This has been roughly estimated to happenT
;35 keV ~Appendix B!. In the numerical code, the
X-particles were considered to decouple kinematically fr
the electromagnetic component of the plasma forT
<35 keV. Relaxing this assumption our results remain
sentially unchanged because for such low temperatures
cleosynthesis has almost completely stopped and
X-particles have a negligible impact, at least for the intere
ing mass range. The same considerations apply if one rel
the thermal equilibrium approximation for 35 keV,T,T.

Another input parameter for the BBN calculation is t
radiation density contributed by ordinary neutrinos which
fix to Neff53.

Finally, we need the cosmic baryon density. The bes
value from the temperature fluctuations of the cosmic mic
wave radiation as measured by the WMAP satellite
VBh250.02460.001 @17#. Including large-scale structur
data from the 2dF galaxy redshift survey shifts this resul
VBh250.02360.001, and including Lyman-a data further
shifts it to 0.022660.0008@17#. In our study we always use
a fixed value of
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VBh250.023. ~13!

We have checked that for 2s variations ofVBh2 our conclu-
sions remain essentially unchanged. Note that in our B
code the final value ofh[nB /ng or of VBh2 is used to work
out the one that enters the initial condition of the proble
We have

h i5
nB

i

ng
i

5
nB

f

ng
f

ng
f

ng
i

nB
i

nB
f

5h fS afTf

aiTi
D 3

~14!

so that entropy conservation implies the well-known fac
11/4 in the standard case. In general it is a factor depend
on theX-particle properties and was numerically evaluate

B. Neutrino-coupled particles

As a first generic type ofX-particles we consider particle
that annihilate predominantly into neutrinosXX̄nn̄. We ex-
plicitly study three cases, that of Majorana fermions with
total of gX52 inner degrees of freedom~case F2!, self-
conjugate scalar bosons withgX51 ~case B1!, and scalar
bosons with a particle and anti-particle degree of freed
(gX52, case B2!. With the ingredients discussed in the pr
vious section we calculated the abundances for the light
ements2H, 4He, and7Li shown in Fig. 1 as a function of the
new particle massmX . For mX*20 MeV we recover the
standard BBN predictions. For very small massesmX→0
these particles freeze out relativistically and their effect
BBN is exactly that ofDNeff54/7, 1, or 8/7 additional rela-
tivistic neutrinos for the three cases B1, F2 and B2, as s
marized in Table I.

The BBN effect of the new particles is dominated by th
contribution to the primordial energy density and thus simi
to an additional neutrino species. However, it is worthwh
to note the extra effect for intermediatemX relative to the
asymptotic casemX→0. It is caused by the modifiedTn /T
ratio previously described.

Our results essentially agree, both qualitatively and qu
titatively, with those of Ref.@13#, except for lithium. The
difference is explained by our value ofVBh2 where the de-
pendence of7Li on Neff is opposite from the situation in Ref
@13#. In our case this nuclide is essentially produced throu
the channel4He(3He,g) 7Be(e2,ne)

7Li while at the lower
value of VBh2 used in Ref. @13# the direct channel
4He(3H,g) 7Li dominates.

Our theoretical predictions can be compared with
measured primordial abundances summarized in Table
For helium, the standard BBN prediction significantly e
ceeds the most recent measured value@19#, and this discrep-
ancy is even worse for other helium determinations that
lower ~for a review see, e.g. Ref.@18#!. Therefore, while
different observations of the primordial4He abundance dis
agree on its exact value, a tension with the BBN predict
always exists. Our new particles exacerbate this discrepa
for mX&10 MeV and are thus disfavored or even exclude

The deuterium abundance extracted from the QSO s
tems agrees perfectly with the BBN prediction, although
could be affected by possibly underestimated systematic
6-3
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rors. In any event, the new particles change the predic
only within the 1s observational range so that deuteriu
adds little new information on the viability of the new pa
ticles.

A clear interpretation of the Spite plateau in the lithiu
data from metal-poor halo stars is still lacking so that it is n
clear how to compare the lithium observations~average
value given in Table II! with the theoretical prediction that i
roughly a factor 2–3 larger. Both standard and non-stand
physics explanations of this discrepancy have been invo
e.g., Ref.@21,22# and references. Therefore, a meaning
comparison of our non-standard BBN prediction for lithiu

FIG. 1. Calculated light-element abundances for4He ~top!, 2H
~middle!, and 7Li ~bottom! for neutrino-coupled new particles. Th
indicated cases B1, B2, and F2 are described in Table I. The h
zontal lines indicate the effect ofNeff53, 3.5, and 4 relativistic
neutrinos.

TABLE I. Cases for new particles.

Case gX DNeff h i /h f

B1 Self-conjugate scalar boson 1 4/7 3.25
B2 Scalar bosonX5” X̄ 2 8/7 3.75

F2 Majorana fermion 2 1 3.65
04352
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with observations is difficult. We show these results prim
rily for the purpose of illustration.

C. Electromagnetic couplings

We next turn to new particles that do not interact w
neutrinos but remain in perfect thermal equilibrium with t
electromagnetic plasma throughout the BBN epoch by vir
of processes such asXX̄↔e1e2 and X1e↔X1e. The
BBN impact of these particles is more subtle and can
opposite to the neutrino-coupled case. Moreover, this is
case relevant as a source for galactic positrons@1–5#. For
particles of this sort, there is a tension between the requ
primordial annihilation cross section to achieve the corr
dark-matter density and the one in the galaxy to avoid ov
producing positrons. The solution preferred in Refs.@1–5# is
that of a predominant p-wave annihilation channel that w
suppress the annihilation rate in the galaxy relative to tha
the early universe. In particular, a specific model for a n
boson was constructed where particles and anti-particles
not identical, i.e., our case B2. Of course, the detailed fo
of the cross section is not relevant for our work because
assume that the new particles are in perfect equilibrium w
the electromagnetic plasma.

The calculated light-element abundances as function
mX are shown in Fig. 2. FormX&2 MeV the abundances ar
all shifted away from the observed values. However,
mX*2 MeV the ‘‘entropy effect’’ works in the direction of
lowering Yp , by up toDYp'20.002 for the B2 case, with
out significantly affecting the2H and 7Li predictions. There-
fore, the concordance with the4He observations is im-
proved. This point is illustrated more directly by Fig.
where we compare the new4He predictions for the cases B
and B2 with the standardNeff53 case and with the recen
observational determination@19# for which the 1s error band
is shown. Yp would benefit from this effect up tomX
&15 MeV, even if the valuesmX&10 MeV are preferred.
Our results again agree qualitatively with those of Ref.@13#.

For low masses, the value ofh i needed to match the
WMAP finding for h f is significantly increased relative t
the standard factor 2.75, as shown in the last column of Ta
I. This explains physically the huge decrease~increase! in the
2H ( 7Li) yield that does not strongly depend onNeff . Quite
on the contrary, asYp depends only logarithmically onh, its
change is essentially dominated by the addition of extra
grees of freedom to the electromagnetic plasma. T
X-particles are now hotter than in the neutrino case and t
provoke a bigger effect. FormX*20 MeV one recovers the
standard predictions.

We have always neglected the role of dark matter resid
annihilations during the freeze-out epoch. A detailed tre

ri-

TABLE II. Measured primordial light-element abundances.

Element Abundance Reference
Helium a 4He Yp50.242160.0021 @19#

Deuterium 2H D/H52.7820.38
10.4431025 @20#

Lithium 7Li 7Li/H5(1.7060.17)310210 Refs. in@15#

aFor other determinations and a short review, see also@18#.
6-4
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FIG. 2. Calculated light-element abundances for4He ~top!, 2H
~middle!, and 7Li ~bottom! for electromagnetically coupled new
particles. The indicated cases B1, B2, and F2 are described in T
I. The horizontal dotted lines indicate the standard predictions
the indicated values of the effective number of relativistic neutr
species,Neff .

FIG. 3. 4He abundance as in Fig. 2, here on a linear scale
mX . The horizontal dotted line indicates the standard prediction
Neff53. The gray band is the 1s observational range forYp accord-
ing to Ref.@19#.
04352
ment of such effects is beyond the scope of our paper. H
ever, an approximate study of this phenomenon~Appendix
C! indicates that this late-time entropy generation effect
sub-dominant. Its effect goes in the direction of a furth
marginal reduction ofYp and a small increase in the deut
rium yield.

We have also neglected the possible photo-dissociatio
2H and7Li induced by late dark matter annihilations. A
shown in Appendix D, this effect is marginal unless, perha
if the dark matter particles couple directly with photons.

D. Particles coupled both to the electromagnetic
plasma and to neutrinos

It may also be that the new particles interact stron
enough with both charged leptons and neutrinos to keep
two fluids in equilibrium beyond the usual decoupling epoc
a situation that was not previously treated. In this caseTg

ble
r

o

r
r

FIG. 4. Calculated light-element abundances for4He ~top!, 2H
~middle!, and7Li ~bottom! if the neutrino and electromagnetic pla
mas are thermally coupled by a new interaction channel down
temperatureTD . The horizontal lines indicate the standard pred
tions for the indicated values of the effective number of relativis
neutrino species,Neff .
6-5
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5Tn is maintained longer and perhaps throughout the nuc
synthesis epoch, depending on the new particle proper
This effect would be present even for very highmX if one
introduces an additional direct coupling of the neutrinos
the charged leptons through an extra gauge boson as in
preferred U-boson model discussed in Refs.@1–5#. Of
course, in this case laboratory data, e.g., fromn-e scattering
@23,24#, provide strong limits so that this situation may b
rather unphysical.

In Fig. 4 we show the light-element abundances as a fu
tion of the assumed neutrino decoupling temperatureTD . If
it is lowered to valuesTD&me , the resulting modification of
the light-element abundances is quite extreme and str
excluded. For2H and 7Li the ‘‘eta-effect’’ dominates, while
for 4He the change inTn /T and that ofrn play a major role.

If the neutrinos and electromagnetic fluids are only in
rectly coupled by their interactions with the newX-particles,
the limiting condition to prolong then-equilibrium with the
photon bath is the number density factor of the dark mat
nX , in addition to the interaction cross sections. Quali
tively, we expect that formX&me the combined effects con
spire to hugely increase the4He yield, while some compen
sation could appear in the2H and 7Li behavior. Obviously,
for mX*20 MeV one should recover the standard pred
tions, unless a directn-e coupling exists. A detailed kinetic
study of this case would require a concrete particle phy
model and is beyond the scope of our work.

III. LOW-ENERGY COSMIC RAY POSITRONS

The proposed MeV-mass dark matter particles discus
in Refs. @1–5# are supposed to annihilate in the galac
bulge and produce a flux of low-energy cosmic-ray positro
that can explain the observed 511 keVg-ray signature. For
suchX-particles we also expect a flux of low-energy po
trons at Earth from local dark-matter annihilation. Such
signature was already proposed for the detection of the
ditional GeV–TeV mass range of dark matter particle can
dates@25,26#. For the case of annihilating MeV-mass da
matter particles we expect a much larger positron flux a
therefore we study if additional constraints arise from
low-energy cosmic-ray positrons in the solar neighborho

To this end we derive the expected positron flux fro
X-particle annihilation. For a stationary situation the contin
ity equation for the cosmic-ray positrons is

q~E!2
n~E!

t~E!
1

d@b~E!n~E!#

dE
50, ~15!

wheren(E) is the differential positron density,q(E) the in-
jection spectrum,t(E) an effective containment time, an
b(E)[2dE/dt the energy-loss function. This equation
solved by

n~E!5
1

b~E!
E

E

`

dsq~s!expS 2E
E

s dy

t~y!b~y! D . ~16!
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The expected positron flux at the top of the atmosphere,
glecting solar modulation effects, isj e15n(E)/4p, where
we have assumed relativistic velocities.

In the relevant energy range and for an essentially neu
environment, ionization and bremsstrahlung are the do
nant energy-loss mechanisms so that we have@27#

b~E!'36.18mesTnHF110.146 lnS E

me
D1

E

709me
G

53.69310213 MeV s21nH@•••#. ~17!

Here,sT is the Thomson cross section andnH the hydrogen
density that dominates the interstellar medium. For the
evant energies,b(E) is a slowly varying function.

It is easy to estimate that low-energy positrons do
travel far before annihilating so that the containment tim
t(E) is identical with the annihilation time scale. The latt
can be written in the form@28#

t~E!5
1.3331014 s

f ~E!nH
, ~18!

where f (E)50.02–1 in the energy range of interest.
Finally we need the positron injection spectrum fro

dark-matter annihilation,

q~E!5nX
2^sav&d~12E/mX!, ~19!

where we have assumed that theX-particles are different
from their antiparticles and thatnX5nX̄ .

Equation~16! cannot be expressed in closed form, but f
our purposes an analytical approximation is accurate eno
The factorbt does not depend onnH and is found to be

bt550–5000 MeV, ~20!

where the range reflects the monotonic energy depende
Ignoring this energy-dependence allows us to write the so
tion of Eq. ~16! for E<mX as

n~E!'
nX

2^sav&
b~E!

expS 2
mX2E

bt D . ~21!

For the interesting range ofmX andE the exponential factor
is always close to 1. Physically this represents the fact
positrons produced at energyE5mX will be lost from this
‘‘energy bin’’ primarily by down-scattering, not by annihila
tion.

In order to predict the positron flux we usenH
51 cm23. For the local dark matter density we use the c
nonical valuerDM5300 MeV cm235mX(nX1nX̄). For the
annihilation cross section we first consider an s-wave mo
with ^sav&5s0 where s0 is fixed by the early-universe
freeze-out calculation~Appendix A!. We compare the flux
prediction with the best 95% C.L. upper limits in the 20–
MeV range that are given in Fig. 4 of Ref.@29#. At 20 MeV,
the flux limit is approximately 1.231025 cm22
6-6
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s21 sr21 MeV21, for 30 MeV it is 8.531026 in these units,
for 50 MeV it is 2.531026, and for 90 MeV it is
931027.

We find flux predictions exceeding these limits by facto
*500. This implies that the annihilation cross section
quired in the early universe for reducing the particle dens
to the dark-matter level produces an unacceptably large l
positron flux and is thus excluded formX.20 MeV. For
smallermX we have no constraint. For a p-wave channel
do not obtain any limits becausêsav2& is strongly sup-
pressed in the galaxy because of the small dark-matter
locities v of order 1023.

Therefore, we confirm the conclusion of Refs.@1–5# that
an s-wave annihilation channelXX̄→e1e2 is not acceptable
for thermal relics. However, our argument does not dep
on the uncertain dark-matter profile of the galactic bulge

IV. ENERGY TRANSFER IN STARS

New MeV-mass particles could play an important role
stars. For example, they would be thermally produced in
collapsed core of a supernova and could contribute to
energy loss or the transfer of energy in these systems@30#.
However, theX-particles discussed here have stronger-th
weak interactions, implying that in a supernova these effe
would be small compared to those of ordinary neutrin
Therefore, even though the new particles would be therm
excited in a supernova core, there are no obvious obse
tional consequences.

In ordinary stars, and especially in our Sun, dark-ma
particles will be trapped and contribute to the transfer
energy in potentially observable ways@31#. In the following
we investigate if MeV-mass particles could be relevant
this context. The result is that for MeV-range masses
evaporation time is very short so that the steady-state a
dance ofX-particles in the Sun is too small to be importan

A simple estimate of the energy conduction by the n
particles can be worked out in a one-zone model of the
@31#. One assumes that the dark-matter stationary distr
tion in the Sun is globally Maxwellian at a uniform temper
ture TX , with its maximum density found at a scale radi
r X . Assuming thatTX is identical with the temperature at th
solar center, and takingr X to be of order the solar radius, th
luminosity carried by the new particles is of order

LX

L(

;
10242NX

~ss /pb!AmX /MeV
, ~22!

whereNX is the total number ofX-particles trapped in the
Sun andss is the scattering cross section on electrons, ta
to be comparable to the annihilation cross section as
scribed in Appendix B. For particles even more weakly
teracting, i.e. forss! few pb, one enters the Knudsen r
gime where the effect of energy transfer is much sma
@32,33#.

The steady-state number of dark-matter particles collec
by the Sun arises from an equilibrium between capture
evaporation, i.e.,NX5A/Pe with A the number of particles
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captured per unit time andPe the escape probability per un
time. We estimate the capture rate to be@34,35#

A;4.34
nXGNM (R(

vgal
, ~23!

wherevgal'300 km s21 is the mean square velocity of th
galactic dark matter near the orbit of the Sun andnX its
number density.

The escape probabilityPe is physically the ratio of the
fraction of particles in the ‘‘escape-tail’’ of their distributio
to the typical time needed to repopulate it. A simple estim
is @31#

Pe;
~v fdv !3/2

GNM (

AmXv f
2

2TX
expS 2

mXv f
2

2TX
D , ~24!

wherev f is the escape velocity from a typical position in th
Sun. Near the solar center one hasv f;(15.8TX /mp)1/2 @35#.
Further,dv;vsms /mX where ms and vs refer to the scat-
tered particles, electrons in our case, for which we assum
thermal velocity distribution so thatvs5(3Ts /ms)

1/2 and we
assumeTs5TX .

Based on these simple estimates and using a simpl
solar model we findNX;1036(pb/ss). Comparing this result
with Eq. ~22! we conclude that the effect of the new particl
is too small to be significant for the Sun. Of course, o
estimate is rather crude considering that the escape life
of the dark matter particles is comparable to their orb
period.

V. SUMMARY AND CONCLUSIONS

We have analyzed some astrophysical and cosmolog
consequences of the intriguing possibility that the cosm
dark matter consists of MeV-mass particles@1–5#. These par-
ticles are assumed to be thermal relics and thus have in
action cross sections that are larger than weak.

Such particles do not have any apparent consequence
stellar evolution. In supernovae, their interaction is t
strong so that neutrinos continue to play the leading role
energy loss and energy transfer. In the Sun, the particle m
is so small that evaporation prevents the trapped steady-
population from growing large enough for a significant co
tribution to energy conduction.

We have derived new constraints coming from the lo
energy positron component of cosmic rays. An s-wave an
hilation cross section forXX̄→e1e2 as large as implied by
the early-universe freeze-out calculation causes an exces
positron flux formX520–90 MeV where experimental up
per limits are available. Therefore, only p-wave annihilati
is compatible with these constraints. These conclusions a
with those reached in Refs.@1–5#, but in our case they do no
depend on the assumed dark-matter profile of the gala
bulge.

The main subject of our work, however, was the impact
MeV-mass particles on big-bang nucleosynthesis~BBN!.
Significant modifications arise only formX&20 MeV. The
effects found are largely independent of the energy dep
6-7
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dence of the annihilation cross section and even of its e
value, provided that it is high enough to take the new p
ticles to equilibrium with the neutrinos or the electroma
netic plasma.

For the neutrino-coupled case, the impact of the new p
ticles is comparable to that of additional neutrino spec
Notably, the primordial helium abundance is increased,
acerbating the discrepancy between predictions and obse
tions. Therefore, suchX-particles are disfavored by BBN fo
masses up to about 10 MeV.

For the electromagnetically coupled case, the BBN c
cordance would be severely disturbed formX&2 MeV.
However, there is a regionmX54 –10 MeV where the pri-
mordial helium mass fractionYp is actually reduced relative
to the standard case while the predicted2H remains compat-
ible with observations. This non-trivial phenomenon is
consequence of the ‘‘entropy effect’’ discussed in the pap
While this effect was already found in Ref.@13#, it now
assumes greater importance because it slightly improves
discrepancy between the BBN predictions forYp and its ob-
served value.

In summary, the MeV-mass dark matter particles propo
in Refs.@1–5# as a source for positrons in the galactic bul
are not incompatible with BBN, provided the particle ma
exceeds a few MeV. On the contrary, in the mass rangemX
54 –10 MeV these particles slightly improve the conco
dance between BBN calculations and the observed he
abundance. It is quite fascinating that such exotic partic
far from being excluded, seem to have several beneficial c
sequences in astrophysics and cosmology.
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APPENDIX A: RELIC DENSITY AND ANNIHILATION
CROSS SECTION

Once the massmX and the spin multiplicitygX of a ther-
mal relic are fixed, the requirement that it is the dark ma
uniquely determines the annihilation freeze-out tempera
TF and the annihilation reaction rate at this temperat
^sav&TF

. The relic mass density is

VXh25
8ph2mXnX

3mPl
2 H2

5
8pmXs

3~mPlH/h!2 S nX

s D , ~A1!

where H/h5100km s21 Mpc21, mPl51.2231022 MeV is
the Planck mass, ands is the entropy density. Note that fo
particles that are not self-conjugateVX only includes the
particles so thatVDM5VX1V X̄ .

Neglecting entropy-producing phenomena, the entro
per comoving volume remains constant so that
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S nX

s D
0

5S nX

s D
TF

~A2!

for T<TF . If one assumes a functional form for^sav&T , an
order-of-magnitude estimate ofTF is given by the condition
nX^sv&TF

5H(TF). A more accurate formula is obtained by
semi-analytical treatment of the Boltzmann equation@14#

xF5x02S n1
1

2D log x0 , ~A3!

where

x05 logF0.038~n11!
gX

Ag* F

mPlmXsnG . ~A4!

Here, the parametrization

^sav&T5snx2n ~A5!

with x5mX /T was assumed. The most interesting cases
obtained forn50 ~s-wave annihilation! andn51 ~p-wave!.
The previous equations yield

S nX

s D
0

5
3.79Ag* F~n11!xF

n11

gs* FmPlmXsn
,

VXh250.032
~n11!xF

n11Ag* F

gs* F~sn /pb!
, ~A6!

with an accuracy better than 5%. SinceVDMh2'0.11 @17#,
and xF515–20, it is easily seen that, forXÞX̄, one has
s0;5 pb ands1;102 pb.

APPENDIX B: KINETIC FREEZE-OUT

We estimate the kinetic freeze-out temperature
X-particles coupled to the electromagnetic plasma. We m
the rough approximation that the annihilation and scatter
cross sections are comparable,sa;ss , so that the ratio be-
tween the annihilation and scattering rates is essenti
given byGa /Gs;nX /ns . For our case the scattering targe
are electrons and positrons so that

ns5ne11ne254S me
2

2pzD
3/2

e2zcoshje , ~B1!

where je[me /T is the electron degeneracy parameter a
z[me /T. Therefore, as long as theX-particles are in kinetic
equilibrium we have

Ga

Gs
'

1

2 S mX

me
D 3/2

expS 2
mX2me

T D 1

2 coshje
. ~B2!

This result applies atTF only if (Ga /Gs)TF
!1. Assuming

mX51 MeV, one finds from Eq.~A3! that TF'0.07 MeV
and from a standard BBN code thatje(TF)'0.3231027 so
that (Ga /Gs)TF

'431024 which is indeed!1.
6-8
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Once a value for the annihilation effective cross sect
sn has been determined, one can easily deduce a kin
freeze-out temperatureTK for the decoupling of the dark
matter particles from the electromagnetic plasma, assum
that sa;ss . The conditionGs(TK)5H(TK) implies

^ssv&TK
5

5.44TK
2

mPlns~TK!
Ag* ~TK!

10.75
. ~B3!

With coshje'1 andg* '3.36 one obtains

zK2~0.52, !logzK'14.11 log~ss,, /pb!, ~B4!

where^ssv&[ss,,z2,. For typical values ofss,n this gives
TK'35 keV.

APPENDIX C: ENTROPY GENERATION DURING
DECOUPLING

We sketch an argument that indicates that the entropy
duction associated with the dark-matter freeze-out is a s
leading effect. To this end we assume that everye1e2 anni-
hilation product is instantaneously thermalized a
converted into photons. In this case the evolution equa
for the X number density is@14#

ṅX13HnX52C@nX# ~C1!

where

C@nX#5^sav&@nX
22nX,eq

2 #. ~C2!

The same equation applies tonX̄5nX because we alway
assume equal distributions for bothX andX̄. The subsequen
e1e2 annihilations imply

ṅg13Hng512C@nX#. ~C3!

The equilibrium energy densities are

rg5S p2

15D S p2

2z~3! D
4/3

ng
4/3,

rX5nXS mX1
3

2
TD , ~C4!

where the non-relativistic regime was used for the da
matter particles. The energy injection by late annihilations
estimated as

ṙg5
8

3 S p4T

30z~3! DC@nX#,

ṙX52mXS 11
3T

2mX
DC@nX#. ~C5!

The direct change of the total energy density due to
conversion of dark-matter particles into photons is a v
small effect, as one can see by evaluating the ratiosṙg /rg

and ṅg /ng .
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The main non-negligible consequence is on theT-t rela-
tion ~first Friedmann equation! through the second term in
the following equation

drem

dt
523H~r1P!em2FmX2S 4p4

45z~3!
23DTGC@nX#.

~C6!

The problem is then restricted to the solution of the equat
for nX in order to calculate the relevant quantityC@nX#. This
was done by standard techniques after some standard su
tutions ~see e.g. Ref.@14#!. We found a negligible effect on
Yp , and a change of the2H and 7Li yields of order 0.1 in
the units of Fig. 2. Therefore, we are indeed dealing with
sub-leading effect.

APPENDIX D: DEUTERIUM PHOTO-DISSOCIATION

We show that the dissociation of fragile nuclides, prin
pally deuterium, by late dark-matter annihilation is com
pletely negligible. To this end we first follow standard wor
on this subject~e.g. Ref. @36#! and note that the ‘‘first-
generation’’ of nonthermal photons is rapidly degraded
have a spectrum with a high energy cutEC'me

2/22T because
of the highly efficient pair creation and subsequent reacti
on the background medium. This means that in order
some photons to survive and to be able to dissociate nu
the temperature has to drop at least to valuesT&me

2/22BD

'5 keV, whereBD'2.2 MeV is the binding energy of deu
terium. This implies that neglecting this phenomenon dur
the BBN epoch is certainly a good approximation. Note a
that in our preferred models, MeV-massX particles would
not annihilate directly into photons, so the ‘‘first-generatio
photon spectrum is already degraded in energy because
produced by secondary effects of the primary electrons
positrons.

Therefore, by simply looking at the expected energy sp
trum, the most dangerous process would be the elec
disintegration of deuterium, for which a further 0.5 Me
penalty in the energy should be considered as the elec
rest mass would not be released. Without invoking a deta
analysis we conclude that our results up tomX&2.7 MeV
remain unchanged.

For higher values ofmX considered in our BBN analysis
say 3–20 MeV, we reach the same conclusion by follow
the treatment of the late-time annihilations of a relic parti
described in Ref.@37#. Assuming that electro-dissociation o
deuterium is the only relevant phenomenon, the D deple
factor can be written as

expF2E
t i

t f
dtGeD~ t !G , ~D1!

where t i is the time at the onset of dissociation,t f is some
late time where the D abundance is observed, and

GeD5sE
BD

EC(T)

dE fe~E,T!seD~E!. ~D2!
6-9



d-
d

n

dia-
m-

ary

the
rgy
one
.
ent
ess

P. D. SERPICO AND G. G. RAFFELT PHYSICAL REVIEW D70, 043526 ~2004!
Here, seD(E)'13.3mb@(E2BD)/MeV#1/2 is the electro-
dissociation cross-section of deuterium@38#. Further,
f e(E,T) is the ‘‘steady state’’ dark-matter annihilation pro
uct spectrum. By arguments similar to the ones presente
Ref. @37# it is written as

f e~E,T!'snS T

mX
D n s

ngseg~E! S nX

s D 2mXu@Emax~T!2E#

AE3EC~T!
,

~D3!

whereseg(E) is the Compton scattering cross section a
Emax(T)5Min@EC(T),mX#. Note that the primary particle’s
‘‘first’’ shower spectrum has roughly the same shape forg or
e initiated showers@36,37#.
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We have numerically solved the integral in Eq.~D1! by
changing to the temperature variable and assuming a ra
tion dominated universe. The effects we found are co
pletely negligible both for s- and p-wave annihilations.

Note, however, that for showers induced by second
photons one should replace in Eq.~D3! the huge factorng
with ne , and the electro-dissociation cross section with
photo-dissociation one, while a penalty factor in the ene
spectrum would enter. Making some extreme assumption
could thus gain up to a factor 1012 of the previous estimates
Even so, it is not enough to affect by more than a few perc
our simplified nuclides’ predictions. The effects are even l
pronounced for the preferred casen51 ~p-wave annihila-
tion!.
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