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MeV-mass dark matter and primordial nucleosynthesis
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The annihilation of new dark matter candidates with massgdn the MeV range may account for the
galactic positrons that are required to explain the 511 keiy flux from the galactic bulge. We study the
impact of MeV-mass thermal relic particles on the primordial synthesidHyf *He, and’Li. If the new
particles are in thermal equilibrium with neutrinos during the nucleosynthesis epoch they increase the helium
mass fraction fomy=<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 deuteriunmgei—10 MeV they can even
improve the overall agreement between the predicted and obsé/ethd “He abundances.
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I. INTRODUCTION [13]. The main purpose of our work is to re-examine this
effect in the context of the MeV-mass dark matter hypothesis

In a recent series of papers the intriguing possibility wasand with the help of a modern BBN calculation and current
explored that the cosmic dark matter consists of new elemerpbservational data.
tary particles with masses in the MeV range-5]. While In addition to our BBN study presented in Sec. Il we
weakly interacting massive particléd/IMPs) as dark matter briefly consider two other possible consequences of MeV-
candidates, notably supersymmetric particles, are usualljpass dark matter particles. In Sec. Il we note that the same
thought to have masses exceeding tens of GeV, it is not difmechanism proposed to explain theay signature from the
ficult to come up with viable MeV-mass candidates such agalactic bulge should also produce a diffuse background of
sterile neutrino$6] or axinos[7]. The remarkable aspect of low-energy cosmic-ray positrons in the solar neighborhood.
the MeV candidates studied in Refd—5] is that they are This argument strengthens the conclusion reached indepen-
taken to bethermalrelics and thus require a primordial an- dently in Refs[1-5] that an s-wave annihilation cross sec-
nihilation rate much larger than given by ordinary weak in-tion for the reactiolXX—e*e™ is strongly disfavored. Fur-
teractions. Contrary to naive intuition, such particles are nother, in Sec. IV we consider possible energy-transfer effects
excluded by any obvious laboratory measurement or astraczcaused by such particles trapped in the Sun or other stars.
physical argumenitl-5,8. Quite on the contrary, it was ar- These effects turn out to be very small because the trapping
gued that the annihilation of these dark matter particles in thefficiency is inhibited by the smallness ik . In Sec. V we
galactic bulge can produce enough positrons to explain theummarize our conclusions.

511 keV y-ray signature that was recently confirmed by the

INTEGRAL satellite[9,10] and that seems difficult to ex- II. MEV-MASS PARTICLES AND BIG-BANG

plain with traditional astrophysical sources. Alternatively, de- NUCLEOSYNTHESIS

caying low-mass dark matter particles have also been pro-
posed as a positron sourfkl,17.

In the early universe, weak interactions freeze out at a Thermal relic particles freeze out at a cosmic temperature
temperature of about 1 MeV, just before the epoch of big-T that for weakly interacting particles is about 1 MeV. If the
bang nucleosynthes{BBN). Therefore, MeV-mass particles particle mass is somewhat larger tHBathe number density
with larger-than-weak interaction rates are expected to be iis suppressed by annihilations so that the relic density is
thermal equilibrium at BBN or just before and thus would maximal formy of orderT, i.e. for neutrinos the relic mass
add to the primordial energy density and expansion rate. Ongensity would be maximal for MeV-range masses and over-
naively expects such particles to increase the primordial heslose the universe by about five orders of magnit{ibi.
lium mass fractiorY,, exacerbating the tension between ob-Therefore, MeV-mass thermal relics must interact far more
servations and the BBN prediction. This expectation bearstrongly than neutrinos so that they annihilate more effi-
out for new particles coupling primarily to neutrinos. How- ciently to reduce their density to a level compatible with the
ever, the new particles proposed in Ré¢fis-5] would prima-  dark-matter abundance. We briefly summarize the relation-
rily interact with the electromagnetic plasma. It turns out thatship between the annihilation cross section and the relic den-
the BBN effects of these particles are non-trivial and cer-sity in Appendix A. The result reveals that MeV-mass dark
tainly disfavor masses below about 2 MeV, but masses in thenatter particles must have been in thermal equilibrium
approximate range 4—10 MeV actually have the oppositehroughout most of the primordial nucleosynthesis epoch so
effect of lowering Y, without significantly affecting deute- that the exact final dark-matter abundance is not relevant for
rium. Therefore, the concordance between the predicted arslr study. We will use the equilibrium assumption in our
observed*He and?H abundances is slightly improved. This numerical implementation that was performed by a modified
little-known but intriguing effect was found a long time ago version of the new BBNCODE recently developed in Naples
in a general study of the impact of new particles on BBNand documented in Ref15].

A. Impact of new particles
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The impact of our new particles on BBN differs qualita- temperatureT, and that of the electromagnetic plasiia
tively and quantitatively depending on the dominant annihi-=T,. The cosmic entropy density is
lation and scattering channels. Before turning to specific

cases we discuss how the BBN equations and inputs are af- . 2_7T2 To_ 27 T32 @
fected. To this end we first note that the new particles enter ST 45 O T gs* k
BBN through the second Friedmann equatioH?
=(87/3)Gpnpior by their contribution to the total mass- where
energy densityp,,;. We consider theX-particles to be in
perfect thermal equilibrium and assume that the number den- i 272 pi+P
sities of particlgs and antiparticles are the same for those U5« (T)= 4513 T
cases wherX # X. The number density, pressure, and energy
density contributed by the new particles is thus taken to be T.\3
I
—<?)(E gitg E 9il-
Oy © y(yz_xz)l/z bosons fermions
ny=——T3 j dy———, &)
22 X e¥+1

The second equality applies for relativistic species, i.e. in the
Oy = (y2—x2)3? absence of warm species where-T. Note thatgy, is al-
Py= T4f , ways considered as a function of the temperafliref the
X electromagnetic plasma, not d% (a different notation is
used in Ref. [13]). After neutrino decoupling atTp
Ox 4 (=, YA(Y?—x)2 ~2.3 MeV[16], the entropy in a comoving volume is sepa-
22 il fx T @ rately conserved for the “neutrino plasma” and the electro-
- magnetic one so that

e+1

Px=

wherex=my /Ty and the sign+ (—) refers to fermionbo- " y

son statistics.Ty is identical with the ambient neutrino tem- 95+ (To) 9 (T)

peratureT, for X-particles that dominantly couple to neutri- 0e, (T) 9. (Tp)

nos, whileTyx=T, for the electromagnetically coupled case.

Sincey=x>0 and For new particles being only electromagnetically coupled
this equation simplifies to

=1 (6)

o

(@*1) 1=V (F1)"e ™ @ T [gn(To)]™ -
n=0 —_=
T [ gZ(m
we may expand the thermal integrals as o _ ) )
thus giving a higher temperature ratio relative to the standard
= y(y2—x?)L? K[ (14 n)x] case. This simulates the effect Nfz<3 thermally excited
f y—= 22 () "————— 1T , neutrino species at BBN and thus a reduced primordial he-
x e¥x1 n lium abundance. The opposite is true fecoupled new par-
ticles.
= (yP-xA)¥ Ko[(1+n)x] The modifiedT,(T) relation also affects tha« p weak
fx dy v+ 1 =3x nzo (+1) (1+m2 rates that depend on bofhand T, through the phase-space

dependence of the initial and final states of the processes. We
s 5 o1 implemented the modification of these rates in a perturbative
fwdyy (y*=x9) way by introducing the small parameter
X e¥+1 0
57y = D= TUD ®
o 2_y2)312 w 2_y2y12 =r - ¥ 7
=f dyuﬂzf ay T,(T)
x e’+1 x V=1 0y
whereT,(T) is the standard dependence on the electromag-

® netic temperaturdl. Typically 6 assumes values of order
=> (F1)" Kol (1+n)x] +x3 Kl (11 n)x] , 0.01 and is always smaller than about 0.1. The neutrino tem-
n=0 (1+n)? 1+n perature enters the weak rates through Fermi factors of the
(3) kind
whereK(x) is the special Bessel function of ordern the 1
numerical code the series are truncated-a®. The error of 1+expaz,)’ ©

the physical quantities is always0.18%.
A more subtle effect is caused by the conservation ofwherez,=m./T,. Therefore, the additional terms for the
entropy that implies a modified relation between the neutrinoates can be obtained by integrating the factors
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f.(azl)&",

1 1 ” Qgh?=0.023. (13
0 N -

1+exdaZ)(1+6)] 1+expaz) =1 19 e have checked that fom2variations ofQgh? our conclu-
(10 sions remain essentially unchanged. Note that in our BBN

where in our numerical treatment the series was truncated tePde the final value ofy=ng/n,, or OfQBh? is used to work

the third term. The corrections and the standard rates in th@ut the one that enters the initial condition of the problem.

Born approximation were used to compute numerically thé/Ve have

relative changes to the rates. Therefore, in the lighit0

one recovers tha« p rates including finite mass, QED ra- Ng ng nfy Ng asT;
diative and thermodynamic corrections, while disregarding ”i:n_i: n_f_in_f: Ui ar, (14)
modifications of these subleading effects in #%0 correc- v vy B

tions. We finish with six functiong; (T) so that entropy conservation implies the well-known factor

AT 11/4 in the standard case. In general it is a factor depending
Onép= €n1(T) 8+ €np(T) 6%+ €n3(T) &°, on theX-particle properties and was numerically evaluated.
n—p B. Neutrino-coupled particles
AT, ., ) As a first generic type oK-particles we consider particles
5= €pr(T) 0+ €pa(T) 6+ €55(T) 6°, (11 that annihilate predominantly into neutrindsXvv. We ex-
p—n plicitly study three cases, that of Majorana fermions with a
fitting the change in the weak rates with an accuracy bettetotal of gx=2 inner degrees of freedortase F2 self-
than 5%. conjugate scalar bosons with=1 (case B}, and scalar

In principle, one has a single covariant energy conserval0sons with a particle and anti-particle degree of freedom
tion equation for all components of the primordial plasma.(9x=2. case BZ With the ingredients discussed in the pre-
For the sake of simplicity, however, in the previous consid-vious section we calculated the abundances for the light el-
erations the “two fluids entropy conservation” was used toementszﬂ, *He, and’Li shown in Fig. 1 as a function of the
obtain theT ,(T) relation. We can now derive the evolution New particle massny. For my=20 MeV we recover the
of the thermodynamical quantities by applying the covariangtandard BBN predictions. For very small masses—0
energy conservation law to one of the two plasmas, e.g. ththese particles freeze out relativistically and their effect on

electromagnetic one, so that the first Friedmann equation i&$BN is exactly that ofANes=4/7, 1, or 8/7 additional rela-
tivistic neutrinos for the three cases B1, F2 and B2, as sum-
daT

dpem| ~ marized in Table 1.
at - 3Hpemt Pem| 7| (12) The BBN effect of the new particles is dominated by their
contribution to the primordial energy density and thus similar
where H depends onp,,; through the second Friedmann to an additional neutrino species. However, it is worthwhile
equation. If the additional speciescouples to the electro- to note the extra effect for intermediatey relative to the
magnetic fluid, thél-t-relation is further affected by a modi- asymptotic caseny—0. It is caused by the modified, /T
fied (pemt Pem) factor, at least until the scattering freeze-outratio previously described.
is reached. This has been roughly estimated to happ&nh at  Our results essentially agree, both qualitatively and quan-
~35 keV (Appendix B. In the numerical code, the titatively, with those of Ref[13], except for lithium. The
X-particles were considered to decouple kinematically fromdifference is explained by our value 6¥;h? where the de-
the electromagnetic component of the plasma fbr pendence of Li on N is opposite from the situation in Ref.
<35 keV. Relaxing this assumption our results remain esf13]. In our case this nuclide is essentially produced through
sentially unchanged because for such low temperatures nthe channel*He(*He,y) ‘Be(e”,v,) ‘Li while at the lower
cleosynthesis has almost completely stopped and thealue of Qgh? used in Ref.[13] the direct channel
X-particles have a negligible impact, at least for the interest*He(®H, y) “Li dominates.
ing mass range. The same considerations apply if one relaxes Our theoretical predictions can be compared with the
the thermal equilibrium approximation for 35 ke <T. measured primordial abundances summarized in Table II.
Another input parameter for the BBN calculation is the For helium, the standard BBN prediction significantly ex-
radiation density contributed by ordinary neutrinos which weceeds the most recent measured vall, and this discrep-
fix to Neg= 3. ancy is even worse for other helium determinations that are
Finally, we need the cosmic baryon density. The best-filower (for a review see, e.g. Ref18]). Therefore, while
value from the temperature fluctuations of the cosmic microdifferent observations of the primordi4He abundance dis-
wave radiation as measured by the WMAP satellite isagree on its exact value, a tension with the BBN prediction
Qgh?=0.024+0.001 [17]. Including large-scale structure always exists. Our new particles exacerbate this discrepancy
data from the 2dF galaxy redshift survey shifts this result tofor my=10 MeV and are thus disfavored or even excluded.
0h?=0.023+0.001, and including Lyman- data further The deuterium abundance extracted from the QSO sys-
shifts it to 0.0226-0.0008[17]. In our study we always use tems agrees perfectly with the BBN prediction, although it
a fixed value of could be affected by possibly underestimated systematic er-
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TABLE Il. Measured primordial light-element abundances.

B‘Z————"’\
F2 Nesr=4

026 Element Abundance Reference

Helium?  “He Y,=0.2421-0.0021 [19]
Y, — Neg=3.5 Deuterium  2H D/H=2.78"338x 107° [20]

Lithium Li TLIH=(1.70+0.17)x10 ¥ Refs. in[15]

025 8 or other determinations and a short review, see [dlSh

---------------- Negr=3
0.01 0.1 1 10 with observations is difficult. We show these results prima-
my (MeV) rily for the purpose of illustration.

C. Electromagnetic couplings

3.00 m We next turn to new particles that do not interact with
D/H Neg=4 neutrinos but remain in perfect thermal equilibrium with the
e 280} P \ electromagnetic plasma throughout the BBN epoch by virtue
(10 T Neg=3.5 of processes such a¥X«e"e~ and X+e«X+e. The
2 60 B1 BBN impact of these particles is more subtle and can be
’ Neg=3 opposite to the neutrino-coupled case. Moreover, this is the
case relevant as a source for galactic positridns5]. For
o001 01 ! 10 particles of this sort, there is a tension between the required
my MeV) . . D . :
primordial annihilation cross section to achieve the correct
dark-matter density and the one in the galaxy to avoid over-
Neg=3 producing positrons. The solution preferred in Rg¢is:5] is
4.80 /— that of a predominant p-wave annihilation channel that will
) Bl Neg=3.5 suppress the annihilation rate in the galaxy relative to that in
Li/H 4.60 Fz\—’// the early universe. In particular, a specific model for a new

(x10'%) . Neg=4 boson was constructed where particles and anti-particles are
440 B2 not identical, i.e., our case B2. Of course, the detailed form
of the cross section is not relevant for our work because we

420 assume that the new particles are in perfect equilibrium with
0.01 0.1 1 10 the electromagnetic plasma.
my (MeV) The calculated light-element abundances as functions of
FIG. 1. Calculated light-element abundances fble (top), °H My are shown in Fig. 2. Famy=2 MeV the abundances are
(middle), and ’Li (bottom for neutrino-coupled new particles. The all shifted away“from the obs;arved V‘f’"“es- I-_Iowgver, for
indicated cases B1, B2, and F2 are described in Table I. The horf—nxzz MeV the “entropy effect” works in the direction of

zontal lines indicate the effect dfi.s=3, 3.5, and 4 relativistic OWering Yy, by up to_AYp%_O'OO%fc_)r the B2 case, with-
neutrinos. out significantly affecting théH and ’Li predictions. There-

fore, the concordance with théHe observations is im-
rors. In any event, the new particles change the predictioproved. This point is illustrated more directly by Fig. 3
only within the 1o observational range so that deuterium Where we compare the nefide predictions for the cases B1
adds little new information on the viability of the new par- and B2 with the standartl.+=3 case and with the recent
ticles. observational determinatidi 9] for which the I error band

A clear interpretation of the Spite plateau in the lithiumis shown. Y, would benefit from this effect up tony

data from metal-poor halo stars is still lacking so that it is not=15 MeV, even if the valuesny=10 MeV are preferred.
clear how to compare the lithium observatioteverage Our results again agree qualitatively with those of R&8].
value given in Table )with the theoretical prediction that is For low masses, the value of; needed to match the
roughly a factor 2—3 larger. Both standard and non-standar?/MAP finding for #; is significantly increased relative to
physics explanations of this discrepancy have been invokedhe standard factor 2.75, as shown in the last column of Table
e.g., Ref.[21,22 and references. Therefore, a meaningfull. This explains physically the huge decreéisereasein the
comparison of our non-standard BBN prediction for lithium 2H (’Li) yield that does not strongly depend dh¢. Quite

on the contrary, a¥, depends only logarithmically o, its

TABLE |. Cases for new particles. change is essentially dominated by the addition of extra de-
grees of freedom to the electromagnetic plasma. The
Case Ox  ANetr 7/ X-particles are now hotter than in the neutrino case and thus
B1 Self-conjugate scalar boson 1 4/7  3.25 provoke a bigger effect. Fany=20 MeV one recovers the
B2 Scalar bosorX# X 2 87 375 standard predictions.
F2 Majorana fermion 2 1 3.65 We have always neglected the role of dark matter residual

annihilations during the freeze-out epoch. A detailed treat-

043526-4



MeV-MASS DARK MATTER AND PRIMORDIAL . . .

PHYSICAL REVIEW D 70, 043526 (2004

028 B2
2 0.27
027 0.265
TN 026 Ner=4
? 026 Nesr=4 ?
\\ Nog=3.5 0.255 Ng=3.5
0.25 _ 0.25
= Netr=3 Negr=
024 Noy=2.5 0.245
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FIG. 2. Calculated light-element abundances fble (top), °H
(middle), and ’Li (bottom for electromagnetically coupled new

FIG. 4. Calculated light-element abundances'r (top), °H
particles. The indicated cases B1, B2, and F2 are described in Tabfgniddle), andLi (bottom if the neutrino and electromagnetic plas-

I. The horizontal dotted lines indicate the standard predictions fofmas are thermally coupled by a new interaction channel down to a
the indicated values of the effective number of relativistic neutrinotemperaturel, . The horizontal lines indicate the standard predic-

speciesNgg . tions for the indicated values of the effective number of relativistic
neutrino specie\y .
ment of such effects is beyond the scope of our paper. How-
ever, an approximate study of this phenomeigdppendix
025 C) indicates that this late-time entropy generation effect is
’ sub-dominant. Its effect goes in the direction of a further
0.248 marginal reduction o, and a small increase in the deute-
0.246 rium yield.
¥ i We have also neglected the possible photo-dissociation of
P 2H andLi induced by late dark matter annihilations. As
0.242 shown in Appendix D, this effect is marginal unless, perhaps,
0.24 if the dark matter particles couple directly with photons.
0.238 . _
5 10 15 20 D. Particles coupled both to the electromagnetic
my (MeV) plasma and to neutrinos

FIG. 3. “He abundance as in Fig. 2, here on a linear scale for It may also be that the new particles interact strongly
my . The horizontal dotted line indicates the standard prediction foenough with both charged leptons and neutrinos to keep the
Nes=3. The gray band is theslobservational range for, accord-  two fluids in equilibrium beyond the usual decoupling epoch,
ing to Ref.[19]. a situation that was not previously treated. In this cage
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=T, is maintained longer and perhaps throughout the nucleofhe expected positron flux at the top of the atmosphere, ne-
synthesis epoch, depending on the new particle propertieglecting solar modulation effects, js+=n(E)/4w, where
This effect would be present even for very higl if one  we have assumed relativistic velocities.
introduces an additional direct coupling of the neutrinos to In the relevant energy range and for an essentially neutral
the charged leptons through an extra gauge boson as in tle@vironment, ionization and bremsstrahlung are the domi-
preferred U-boson model discussed in Reffl-5]. Of  nant energy-loss mechanisms so that we Havé
course, in this case laboratory data, e.g., frem scattering
[23,24), provide strong limits so that this situation may be
rather unphysical.

In Fig. 4 we show the light-element abundances as a func-
.tio.n of the assumed neutrino decouplin_g tempgr.am_-;e If =3.69x10° % MeV s Ing[---]. (17)
it is lowered to valueJ p<m,, the resulting modification of

the light-element abundances is quite extreme and strictlyyo o o is the Thomson cross section ang the hydrogen
71 “ » : : ’
excluded. For’H and ’Li the “eta-effect” dominates, while  gensity that dominates the interstellar medium. For the rel-
for “"He the Ch_ange if,,/T and that ofp_V play a major rolg. _evant energiedy(E) is a slowly varying function.
If the neutrinos and electromagnetic fluids are only indi- |; g easy to estimate that low-energy positrons do not
rectly coupled by their interactions with the neparticles,  ave| far before annihilating so that the containment time

the limiting condition to prolong the-equilibrium with the 7(E) is identical with the annihilation time scale. The latter
photon bath is the number density factor of the dark matterya, pe written in the fornp28]

Ny, in addition to the interaction cross sections. Qualita-

tively, we expect that fomy=m, the combined effects con- 1.33x 10 s
spire to hugely increase tHtHe yield, while some compen- 7(E)= T En,
sation could appear in théH and Li behavior. Obviously, H
f_or my =20 MeV_one should_recov_er the stan_dard .pre.d'c'wheref(E)zo.OZ—l in the energy range of interest.

tions, unless a direat-e coupllng exists. A detalle_d klnetlc_ Finally we need the positron injection spectrum from
study of this case would require a concrete particle phys'cﬁark-matter annihilation

model and is beyond the scope of our work. ’

b(E)%3618ﬂe0'TnH +

E
1+0.l46|r(— 70911J

Me

(18

_ 2
Il. LOW-ENERGY COSMIC RAY POSITRONS A(E)=nx{oav) 5(1~E/my), 19
The proposed MeV-mass dark matter particles discusse@here we have assumed that tHeparticles are different
in Refs.[1-5] are supposed to annihilate in the galacticfrom their antiparticles and thaty = ny.
bulge and produce a flux of low-energy cosmic-ray positrons Equation(16) cannot be expressed in closed form, but for
that can explain the observed 511 keMay signature. For OUr purposes an analytical approximation is accurate enough.
such X-particles we also expect a flux of low-energy posi- The factorbr does not depend omy and is found to be
trons at Earth from local dark-matter annihilation. Such a
signature was already proposed for the detection of the tra- b7=50-5000 MeV, (20
ditional GeV—-TeV mass range of dark matter particle candi-
dates[25,26]. For the case of annihilating MeV-mass dark Where the range reflects the monotonic energy dependence.
matter particles we expect a much larger positron flux andgnoring this energy-dependence allows us to write the solu-
therefore we study if additional constraints arise from thetion of Eq. (16) for E<my as
low-energy cosmic-ray positrons in the solar neighborhood.
To this end we derive the expected positron flux from n)z((aav> my—E
X-particle annihilation. For a stationary situation the continu- n(E)~ W F{ - T)
ity equation for the cosmic-ray positrons is

(21)

For the interesting range ofiy and E the exponential factor
is always close to 1. Physically this represents the fact that

q(E)— n(E)  db(E)n(E)] =0, (15) positrons produced at enerds~=my will be lost from this
7(E) dE “energy bin” primarily by down-scattering, not by annihila-
tion.
. ) ) . ) ) In order to predict the positron flux we usay
wheren(E) is the differential positron densitg(E) the in-  —1 ¢y 3. For the local dark matter density we use the ca-

jection spectrum,7(E) an effective containment time, and nonijcal valueppy =300 MeV cni 3= my(ny+ny). For the
b(E)=—dE/dt the energy-loss function. This equation is annjhilation cross section we first consider an s-wave model
solved by with {(ov)=0, where o is fixed by the early-universe
freeze-out calculatiorfAppendix A. We compare the flux
1 (= d prediction with the best 95% C.L. upper limits in the 20—90
_ I MeV range that are given in Fig. 4 of R¢R9]. At 20 MeV,
n(E) dsq(s)ex . (19 ok ale ) o =Y
b(E) Je eT(Y)b(y) the flux limit is approximately 1.210 °cm
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s 1srt Mev?, for 30 MeV itis 8.5<10 ° in these units, captured per unit time anié, the escape probability per unit
for 507 MeV it is 2.5<10 6, and for 90 MeV it is time. We estimate the capture rate to[B4,35
9x10 ‘.

We find flux predictions exceeding these limits by factors lnXGNMQRQ
=500. This implies that the annihilation cross section re- A~43 Ugal ' @3
quired in the early universe for reducing the particle density
to the dark-matter level produces an unacceptably large locavherev g,~300 km s 1 is the mean square velocity of the
positron flux and is thus excluded fon,>20 MeV. For galactic dark matter near the orbit of the Sun amdits
smallermy we have no constraint. For a p-wave channel wenumber density.

do not obtain any limits becaus@r,v?) is strongly sup- The escape probabilit, is physically the ratio of the
pressed in the galaxy because of the small dark-matter véraction of particles in the “escape-tail” of their distribution
locitiesv of order 103, to the typical time needed to repopulate it. A simple estimate

Therefore, we confirm the conclusion of Reff$—5] that  is [31]

an s-wave annihilation channéX—e*e™ is not acceptable

. 3/2 2 2
for thermal relics. However, our argument does not depend p (vidv) [ MxVt exd — Myt (24)
on the uncertain dark-matter profile of the galactic bulge. ¢ G\Mg 2Ty 2Ty |’

wherev; is the escape velocity from a typical position in the
Sun. Near the solar center one has-(15.8Ty/m,) 2 [35].

New MeV-mass particles could play an important role in Further, v ~vsms/my wheremg and v refer to the scat-
stars. For example, they would be thermally produced in théered particles, electrons in our case, for which we assume a
collapsed core of a supernova and could contribute to théhermal velocity distribution so that;=(3Ts/mg)? and we
energy loss or the transfer of energy in these systg8@f  assumel=Ty.

However, theX-particles discussed here have stronger-than- Based on these simple estimates and using a simplified
weak interactions, implying that in a supernova these effectsolar model we findNy~ 10%%(pb/o). Comparing this result
would be small compared to those of ordinary neutrinoswith Eq.(22) we conclude that the effect of the new particles
Therefore, even though the new particles would be thermallys too small to be significant for the Sun. Of course, our
excited in a supernova core, there are no obvious observ&stimate is rather crude considering that the escape lifetime
tional consequences. of the dark matter particles is comparable to their orbital

In ordinary stars, and especially in our Sun, dark-matteperiod.
particles will be trapped and contribute to the transfer of
energy in potentially observable wa}31]. In the following V. SUMMARY AND CONCLUSIONS
we investigate if MeV-mass particles could be relevant in . .
this context. The result is that for MeV-range masses the \We have analyzed some astrophysical and cosmological
evaporation time is very short so that the steady-state abufonsequences of the intriguing possibility that the cosmic
dance ofX-particles in the Sun is too small to be important. dark matter consists of MeV-mass particlés 5|. These par-

A simple estimate of the energy conduction by the newtmlgs are assumgd to be thermal relics and thus have inter-
particles can be worked out in a one-zone model of the SuAction cross sections that are larger than weak.

[31]. One assumes that the dark-matter stationary distribu- Such particles do not have any apparent consequences for
tion in the Sun is globally Maxwellian at a uniform tempera- Stéllar evolution. In supernovae, their interaction is too
ture Ty, with its maximum density found at a scale radius Strong so that neutrinos continue to play the leading role for
r. Assuming thaly is identical with the temperature at the €Nergy loss and energy transfer. In the Sun, the particle mass
solar center, and taking, to be of order the solar radius, the 1S SO small that evaporation prevents the trapped steady-state

luminosity carried by the new particles is of order p(_)pu!ation from growing Iarge enough for a significant con-
tribution to energy conduction.

42 We have derived new constraints coming from the low-
Lx _ 107 Nx ' (22)  energy positron component of cosmic rays. An s-wave anni-
Lo (os/ph)ymy/MeV hilation cross section fokX—e*e™ as large as implied by
the early-universe freeze-out calculation causes an excessive
where Ny is the total number oX-particles trapped in the positron flux formy=20-90 MeV where experimental up-
Sun ando is the scattering cross section on electrons, takeper limits are available. Therefore, only p-wave annihilation
to be comparable to the annihilation cross section as dds compatible with these constraints. These conclusions agree
scribed in Appendix B. For particles even more weakly in-with those reached in Refel—5], but in our case they do not
teracting, i.e. foros< few pb, one enters the Knudsen re- depend on the assumed dark-matter profile of the galactic
gime where the effect of energy transfer is much smallebulge.
[32,33. The main subject of our work, however, was the impact of
The steady-state number of dark-matter particles collecteMeV-mass particles on big-bang nucleosynthe@8N).
by the Sun arises from an equilibrium between capture an&ignificant modifications arise only fany<20 MeV. The
evaporation, i.e.Ny=A/P, with A the number of particles effects found are largely independent of the energy depen-

IV. ENERGY TRANSFER IN STARS
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value, provided that it is high enough to take the new par-
ticles to equilibrium with the neutrinos or the electromag-

netic plasma. .
P for T<Tg. If one assumes a functional form f6s,v)+, an

For the neutrino-coupled case, the impact of the new pa der-of itud ) S by th diti
ticles is comparable to that of additional neutrino species® @€ 0 -magnitude estimate 8k is given by the condition

Notably, the primordial helium abundance is increased, ean(C’.v)TF:H(TF)' Amore accurate formula is obtained by a
acerbating the discrepancy between predictions and observéemi-analytical treatment of the Boltzmann equafib4
tions. Therefore, sucK-particles are disfavored by BBN for

S

dence of the annihilation cross section and even of its exact (“x)
o \'S

_ ( %) A2)
Te

masses up to about 10 MeV. Xe=Xo— | N+ 1) log Xo, (A3)
For the electromagnetically coupled case, the BBN con- 2

cordance would be severely disturbed for,<2 MeV.

However, there is a regiomy=4-10 MeV where the pri- Where

mordial helium mass fractiol, is actually reduced relative

to the standard case while the predictéd remains compat- xo=log| 0.03gn+1) &m Mo (A4)

ible with observations. This non-trivial phenomenon is a 0 ' Vo, P

consequence of the “entropy effect” discussed in the paper.

While this effect was already found in Refl3], it now  Here, the parametrization

assumes greater importance because it slightly improves the h

discrepancy between the BBN predictions %y and its ob- (oav)7= 00X (A5)
served value.

In summary, the MeV-mass dark matter particles propose
in Refs.[1-5] as a source for positrons in the galactic bulge
are not incompatible with BBN, provided the particle mass
exceeds a few MeV. On the contrary, in the mass range (nx) 3.79@(n+1)x2”

0

&vith x=my /T was assumed. The most interesting cases are
Obtained fom=0 (s-wave annihilationandn=1 (p-wave.
The previous equations yield

=4-10 MeV these particles slightly improve the concor-

dance between BBN calculations and the observed helium
abundance. It is quite fascinating that such exotic particles,
far from being excluded, seem to have several beneficial con- 5 (n+ 1)xE+1 OxF
sequences in astrophysics and cosmology. (Qxh*=0.03 Jsp r(0n/pb)

with an accuracy better than 5%. SinBgh?~0.11[17],

and xg=15-20, it is easily seen that, fof# X, one has
In Munich, this work was supported in part by the Deut- o0y~5 pb ando;~ 10 pb.

sche Forschungsgemeinschaft under grant SFB 375 and the

S Osx FMpMx 0oy

(A6)
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X-particles coupled to the electromagnetic plasma. We make
the rough approximation that the annihilation and scattering
APPENDIX A: RELIC DENSITY AND ANNIHILATION cross sections are comparable,~ o5, so that the ratio be-
CROSS SECTION tween the annihilation and scattering rates is essentially
Once the masgy, and the spin multiplicitygy of a ther- given byT" /T s~ nx/ns_. For our case the scattering targets
mal relic are fixed, the requirement that it is the dark mattef2'® €lectrons and positrons so that
uniquely determines the annihilation freeze-out temperature m2 \ 32
Te and the annihilation reaction rate at this temperature ne= ne++ne:4(_€‘) e Zcoshé,, (B1)
(oqv)1,. The relic mass density is 2mz

where &.=u/T is the electron degeneracy parameter and

8h®myny 87mys [ ny z=m,/T. Therefore, as long as th&particles are in kinetic
Quh?=————= 2<—) (A1) equilibrium we have
3mgH 3(mpH/h)<\ S
I, 1[/my\%? My — M
—1 -1 2 . =~ | ex - . (BZ)
where H/h=100km s Mpc™?, mp=1.22x10?2 MeV is Iy 2\mg T | 2coshé,

the Planck mass, arglis the entropy density. Note that for . ] . )
particles that are not self-conjugaf®, only includes the This result applies afg only if (I'a/I's)r_<1. Assuming

particles so thaf)py= QO+ Qx. my=1 MeV, one finds from Eq(A3) that T~0.07 MeV
Neglecting entropy-producing phenomena, the entropyand from a standard BBN code thgi(Tg)~0.32x10" 7 so
per comoving volume remains constant so that that (I'y/T'g) 1, ~4X 10~ 4 which is indeed<1.

043526-8



MeV-MASS DARK MATTER AND PRIMORDIAL . .. PHYSICAL REVIEW D 70, 043526 (2004

Once a value for the annihilation effective cross section The main non-negligible consequence is on Therela-
o, has been determined, one can easily deduce a kinettton (first Friedmann equationthrough the second term in
freeze-out temperaturgy for the decoupling of the dark the following equation
matter particles from the electromagnetic plasma, assuming

that o,~ 0. The condition'((Tx) =H(Tk) implies d w
O3~ 0g s(Tk) (Tk) imp g:m=—3H(P+P)em— mx_(45§(3)_3)T Clnyl.
(o) = 5.44T¢ 19, (Tk) 83 (C6)
P meng(Te) ¥ 10,75
] ] The problem is then restricted to the solution of the equation
With coshés~1 andg, ~3.36 one obtains for ny in order to calculate the relevant quani@yny]. This

e _ was done by standard techniques after some standard substi-

2= (0.5~ )logz¢~14.1+log(as,¢ /pb), B iutions (see e.g. Refl14]). We found a negligible effect on
where(ow)=0.,z ‘. For typical values ofr, this gives  Yp» @nd a change of théH and Li yields of order 0.1 in
T«~35keV. ’ the units of Fig. 2. Therefore, we are indeed dealing with a
sub-leading effect.

APPENDIX C: ENTROPY GENERATION DURING
DECOUPLING APPENDIX D: DEUTERIUM PHOTO-DISSOCIATION

We sketch an argument that indicates that the entropy pro- We show that the dissociation of fragile nuclides, princi-
duction associated with the dark-matter freeze-out is a sulpally deuterium, by late dark-matter annihilation is com-
leading effect. To this end we assume that everg~ anni-  pletely negligible. To this end we first follow standard works
hilation product is instantaneously thermalized andon this subject(e.g. Ref.[36]) and note that the “first-
converted into photons. In this case the evolution equatio@eneration” of nonthermal photons is rapidly degraded to

for the X number density i$14] have a spectrum with a high energy &g~mZ/22T because
of the highly efficient pair creation and subsequent reactions
Ny+3HNny=—C[ny] (Cy on the background medium. This means that in order for
some photons to survive and to be able to dissociate nuclei
where the temperature has to drop at least to valliesm%/22B,

~5 keV, whereBp~2.2 MeV is the binding energy of deu-
terium. This implies that neglecting this phenomenon during
the BBN epoch is certainly a good approximation. Note also
that in our preferred models, MeV-maZsparticles would
not annihilate directly into photons, so the “first-generation”
photon spectrum is already degraded in energy because it is
produced by secondary effects of the primary electrons and
positrons.

Therefore, by simply looking at the expected energy spec-
trum, the most dangerous process would be the electro-

Clny]=(oa0)[ Nk N3 eql- (C2)

The same equation applies tg=ny because we always

assume equal distributions for botrandX. The subsequent
e’e” annihilations imply

n,+3Hn,=+2C[ny]. (C3)

The equilibrium energy densities are

72\ [ g2 \4B " disintegr_ation of deuterium, for which' a further 0.5 MeV
p7=(1—5) 2§(3)) y s penalty in the energy should be co_nS|der_ed as the elec_tron
rest mass would not be released. Without invoking a detailed
3 analysis we conclude that our results upng=<2.7 MeV
px=Ny| My+ =T, (C4) remain unchanged.
2 For higher values ofmy considered in our BBN analysis,

. . say 3—20 MeV, we reach the same conclusion by following
where the non-relativistic regime was used for the dark- : g . .

. o o . the treatment of the late-time annihilations of a relic particle
matter particles. The energy injection by late annihilations is ; . ; . Sk
estimated as described in Refl37]. Assuming that electro-dissociation of

deuterium is the only relevant phenomenon, the D depletion

. 8/ =T c factor can be written as
Py= 3 304(3) [nx], y
exp{—J' dtlgp(t) |, (D1
. £
Px= —Myx 1+ 2_[T'IX C[nx]. (CS)

wheret; is the time at the onset of dissociatidn,is some
The direct change of the total energy density due to thidate time where the D abundance is observed, and
conversion of dark-matter particles into photons is a very

small effect, as one can see by evaluating the ra;'tigsp7 FeD:SJEC(T)dEfe(E Tow(E). 02)
andn,/n,. Bp
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Here, oep(E)~13.3 ub[(E—Bp)/MeV]*¥? is the electro- We have numerically solved the integral in E@1) by
dissociation cross-section of deuteriuf88]. Further, changing to the temperature variable and assuming a radia-
fe(E,T) is the “steady state” dark-matter annihilation prod- tion dominated universe. The effects we found are com-
uct spectrum. By arguments similar to the ones presented ipletely negligible both for s- and p-wave annihilations.

Ref.[37] it is written as Note, however, that for showers induced by secondary
photons one should replace in E@3) the huge facton,,

¢ _ T\" s Nx | 2My O] Emax T) —E] with n,, and the electro-dissociation cross section with the

ET)~0ay m_x N,oe,(E) s E3Eo(T) ' photo-dissociation one, while a penalty factor in the energy

(D3) spectrum would enter. Making some extreme assumption one
could thus gain up to a factor 0of the previous estimates.
where o, (E) is the Compton scattering cross section andEven so, it is not enough to affect by more than a few percent
Emad T) =Min[E(T),myx]. Note that the primary particle’s our simplified nuclides’ predictions. The effects are even less
“first” shower spectrum has roughly the same shapejfar  pronounced for the preferred case=1 (p-wave annihila-
e initiated shower$36,37). tion).
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