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Abstract

We calculatethe fluxes of 511 keV photonsfrom the galacticbulge causedby positrons produceth the decays ofrelic
particleswith massedess thanl00 MeV. In particular,we tighten theconstraintson sterile neutrinosover a large domainof
the mass-mixingangleparametespace, wheréheresulting photorflux would significantlyexceedthe experimentadata.At
the sametime, theobserved photofluxescan be easily causdsy decayingsterileneutrinosin the massrangel < msterile <
50 MeV with the cosmologicakbundanceypically within 1072 < Qgterile < 1072, assuming thaf2sterile cOmes entirely from
the conversionof active neutrinosin the early universe. Other candidatés decayingrelics suchas neutral (pseudo)scalar

particlescoupledto leptons with theyravitationalstrength can be compatible withe photorflux, and can constitute the main

component of cold dark matter.
[0 2004ElsevierB.V. Open access under CC BY license.

1. Introduction

Recentobservation®f 511 keV photonsfrom the
galactic centeproduceddy positron annihilatiomper
formed by the SPEpectrometeon the spaceobser
vatory INTEGRAL [1] confirm previously reported
photon fluxes [2] and improve theangularresolu
tion. New data are inconsistentwith a single point
source,although more datavith betterangularres
olution are neededto exclude or resolve multiple
pointsourcesAn apparentielocalizatiorof thesource
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aroundthe galacticcentercombinedwith theabsence
of well-recognizedastrophysicasourcesof positrons
that can fillthe galacticbulge have promptedpecu
lationsabouta non-Standard Modedrigin of galactic
positrons.

An interestingexplanationwvas suggestedecently
in Ref. [3], wheregalactic positronsvere attributed
to annihilatingdark matter. In orderto have photon
fluxes at the observabldevel, one needs rathdarge
number densities of darkatterparticles neathe cen
ter thatrequiressmallermasseshan thel GeV-1TeV
range preferredy most modelsof weakly interact-
ing massiveparticles.Combined with theadditional
requirementthat the producedpositronsslow down
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to non-relativistic velocities before annihilation, this
puts dark matter particles in a mass range of 1 to
100 MeV [3]. According to the scenario of Rdf3],

the galactic positrons can be effectively trapped by
the magnetic field and dissipate their energy by mul-
tiple collisions with the gas. The stopping distance is
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Their cosmological abundance is thoroughly investi-
gated by now as a function of their maas, mixing
angled with active neutrino$7], as well as their lep-
ton asymmetry and flavdg®,10]. We calculate the de-
cay width of sterile neutrinos and their branching to
positrons which is always larger than the branching

estimated to be comparable or shorter than the “free ratio to gamma quanta if the decay inéde~ pair

path” before the annihilation for positrons with ener-
gies less than about 100 MeV. An interesting spin-off
of this scenario is the possibility to probe the steep-

is kinematically allowedm; > 1 MeV. We demon-
strate that in the large part of the— m; parame-
ter space the resulting flux of photonsti® large to

ness of the dark matter halo profile near the center of be compatible with observations, and therefore is ex-

the galaxy. Using the powdike parametrization (see,
e.g.,[4]) of dark matter energy densitgpm ~ r 7,
near the center, the Oxford—Paris grg8pconcluded
that Q4 < y < 0.8 is preferred. With more data com-
ing in the future with better angular resolution, and
with the better understanding of conventional (dark-
matter unrelated) sources of non-relativistic positrons,
the flux of 511 keV photons can provide more detailed
information on the distribution of dark matter near the
center of our galaxy. Even though the explanation of
the 511 keV line from the bulge by annihilating dark

cluded. Thus, the observed fluxes of 511 keV photons
[2] firmly rule out sterile neutrino dark matter with
mg > 1 MeV. On the fringe of this parameter space lies
an allowed area compatible with the SPI/INTEGRAL
observations. This area is large enough to span a wide
range of the parameter spacempatible with sterile
neutrino abundances 18 < Qsterile < 107°. We also
show that the constraints on the parameter space of
the model from the positron annihilation in the galac-
tic center are complimentary to those coming from the
excessive cosmological background of gamma quanta

matter certainly deserves further considerations, one produced in the decay of sterile neutrinos.

can easily see that this requires very unusual proper-

ties of dark matter. Smaller mass and relatively large

Other models of unstable relics can be more flex-
ible, and accommodate dark matter and observable

annihilation cross sections to electron—positron pairs fluxes of photons at the same time. Here we consider

would require either extreme fine tuning in the models
of dark matter (see, e.d5]) or introduction of new
mediating forces that would enable more efficient an-
nihilation[6].

In this Letter, we argue that the decay of quasi-
stable relic particles can provide sufficient amount of
positrons to explain the SPI/INTEGRAL data. These
relics may be the main component of the dark mat-
ter, or a sub-dominant fraction of it. From the point
of view of properties of dark matter, this would not

models with scalar and/or pseudoscalar particles with
MeV range masses and(MFjll) couplings to mat-

ter. Such scalar particles can be motivated by mod-
els with extra space-like dimensions, where radions
may have similar properties. We argue the electron—
positron channel can be a dominant decay mode for
these scalars and that they can be the main component
of cold dark matter.

be as restrictive as the scenario with annihilating dark 2. Sterile neutrinos asa sour ce of positrons

matter. At the same time, it is clear that if the de-
caying dark matter can provide sufficient numbers
of positrons, the ulting photon angular distribution
would imply steeper profiles of dark matter near the
center than in the scenario with annihilating dark mat-
ter.

To substantiate our claims we consider two types
of relics that can easily provide a sufficient amount

Sterile neutrinos are the simplest and the most cred-
ible extension of the Standard Model. Right-handed
neutrinos with a relatively heavy Majorana masg
are often used to explain the apparent smallness of the
mass range for the left-handed neutrinos hinted by var-
ious neutrino experiments. A priori, the right-handed
massn i can be in a rather large mass range, from the

of positrons. Sterile neutrinos in the mass range of GUT scale all the way down to the keV scale.

few keV — few MeV have been extensively studied in
a variety of cosmological and astrophysical settings.

In this Letter, we consider a model of a sterile neu-
trino that is characterized by two main parameters, the
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wherelp is the muon decay widthp = (19273)~1 x
G%m?,, introduced for convenience.

The decay ofN into one light neutrino and the
electron—positron pair may occur due to charged and
neutral currents. To simplify our formulae, we as-
sume to a few per cent accuracy-%sirf gy =~ 0, or
where Ny refers to a pure SM singlet. We do not  sjr?gy, ~ 0.25. In this approximation, and in the limit
confine our discussion to the see-saw model and al- of 1, /m, « 1, the decay width taete~ summed
low 6 andm; to vary independently, without impos-  gver all neutrino flavors can be expressed as
ing am, ~ 6%m, relation. Such models were studied
extensively in the mass range of few keV-few MeV Sif20 (m \°TIVI2 1
[7—11], where sterile neutrinos could constitute entire IN—vez =10 4 (m—> [T + é]
cold dark matter or at least an appreciable portion of .
it. Note that the left-handed neutrino(@.1) need not More accurate formulae & take into account the
be a mass eigenstate, and therefore the sterile neutringohase space suppression foy ~ 2m, and more ac-
N can have interaction with all three charged leptons. curate values of sfrioy can be easily derived but not

massm, and the mixing angl® to the left-handed
neutrino:
N =CO0s9Ng + sinfvy,

v = cosfvy, — Sinf Ng, (2.1)

(2.4)

Thus, the decay oWV to positrons will have an addi-
tional parameteV/, |V| < 1. With this parameter, the
interaction of sterile neutrinos with a light active neu-
trino and electrons takes the following form:
sin2y
|

ez, —

Lint = - N
int 2sindy cosay, Y

ng*Wﬂ_ _ .
——=——¢ey, N | + Higgs terms
V2 ]
(2.2)

Note that the existence of interactions with Higgs bo-
son(s) may be important for the cosmological pro-
duction of N only if my; 2 1 GeV, which is outside
of the range of 1-100 MeV that we are interested in
here. Thus, we neglect Higgs interactions in any fur-
ther analysis.

In the mass range of 1-100 MeV, the sterile neu-
trino N can decay into three light neutrinos, light neu-
trino and a e~ pair, and a neutrino and. The decay
widths depend on the nature 8f, which can be both
Dirac or Majorana. For a Majorana particle, the decay
width is twice the decay rate for a Dirac particle. This
is simply because two decay channé¥s;,~ vvv and
N — vvv, are allowed for a Majorana neutrino. For
the Dirac sterile neutrin&/ the decay width into three
light active neutrinos (all three flavors) is given by

Sin? 26 [ my \°
FN—)va):FO s
4 my

(2.3)

needed for the present discussion. The complete re-
sult can be found in Refl12]. In Eq. (2.4) we take
into accountZ-exchange and its interference wii-
exchange for an arbitrary. The existence of both
charged and neutral cunts is important, because
even forV =0, I'y_ .z is different from zero, which
ensures a non-zero positron width even for “muon” or
“tau” sterile neutrinos.

The decay width intavy [12,13] contributes less
than 1% to the total decay width,

I'yoyvy =10 (2.5)

Sin? 260 ( my \°27a

4 (mu) 8r’
so that the total decay width is given by the sum of
veTe™ andvvv channelsly ~ I'v—vvi + IV ves-
The branching ratio te*e™ has a very simple form,
and depends only on the size of the mixing matrix el-
ementV:

INovee 144V

= ) 2.6
Iy 9+ 4|V|? (2.6)

Bl’e+e— =

When |V |2 = 1 the branching ratio te*e~ reaches
the maximum value of A3, while V = 0 minimizes
it, BrM"_ = 1/9. Thus, the intrinsic model depen-
dence of Bg+,- is a factor of 3.5.

Having determined the total decay width &f we
are ready to approximate the cosmological abundance
of sterile neutrinos by combining the exponential de-
cay factor with the power-like pre-exponent reflecting
the production of sterile neutrinos in the early uni-
verse. Assuming a lepton asymmetry less than*10
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Qh? = Qos{—T'yt)
sinf 20
~O.3<

ng

10 MeV

and using the results of Refs.,10], we arrive at
2
1&14 ) eXH_FNT}a

i o

wherer is the age of the universe. In this formuf2g
is a fictitious energy density in neglection of neutrino
decay, introduced here for future convenience. It coin-
cides with an actual energy density as longag is
small. Note that the pre-exponent in §8.7)is very
approximate. In practice, there will be additional de-

pendence on the lepton asymmetry of the universe and

on elements of thé& matrix [10]. There is an addi-
tional limitation of (2.7), namely it works as long as
my is smaller thar” ~ 130 MeV, that is the temper-
ature in the early universe where most of the sterile
neutrino production takes place.

In the mass range between 1 and 100 MeV ster-
ile neutrinos behave as cold dark matter. NeutriNos
will be distributed inside a galaxy with the very same
profile as the rest of the cold dark matter. Thus, the
number density of sterile neutrinos as the function of
coordinates can be determined as

25 pom(r)

ng(r)=S——,

2.8
S2pm  my (28)

wheref2py = 0.23 is the “concordance” value for the
cold dark matter energy density, apgw (r) is the
cold dark matter energy density in our galaxy.
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spectrometer. Combining the above equations, one ar-
rives at the following expression:

- 2 6
N 5[ Si? 20 ms 2
®~87 x 10 (—1&15 o) @V 2+ )

si20\ [ my \°
_5x 1074 2= s
x eXp{ x ( 10135 ) (MeV)

x(4|V|2+9)}
! dasz
« =
2
PDM s 2 1
———— Jd| — Jcm“ s . (2.11
X/(Mchm3) (kpc) (2.11)

los

Integrals involving the dark matter density are com-
monly performed with a NFW density functidd]
which can be simplified t@ () o« 1/rY for the inner
region of the galaxy in which we are interested. We
have done our calculations for different valuesyof
However, a better functional form for the NFW den-
sity has been developed receritly}] which avoids the
singularity and thus does a more careful job of dealing
with the radial dependence near the center. This den-
sity function is given by

2 r\“
pw(r):poexp{——[(—) —1]},
al \r,

wherer, = 20h1 kpc. To fix an overall normalization
po We takep = 0.3 GeV cm® atr = 8.5 kpc, the most
commonly used value for the dark matter energy den-

(2.12)

Using the above equations, we are ready to estimatesity near the Solar system. The values afhich make

the emissivity of photons that originate from the galac-
tic center. Assuming that all positrons quickly slow

this expression consistent with previous density distri-
butions for larger values of range between = 0.1

down in matter and annihilate at rest, we estimate the gndo = 0.2.

number of emitted 511 keV photons per volume per
time,

NSlly(r) =2ny(r)[NBre+.-, (2.9)

from which we can estimate the flux that reaches the
Solar system,

1
P511y(0) = / Ns11,/(r(s)) ds, (2.10)

los
whereé is the angle from the galactic center and the

integration is along the line of sight. The total flux
is obtained by integrating over the acceptance of the

The spectrum of the 511 keV line emission from
the galactic center region was obtained by the spec-
trometer SPI on the INTEGRAL gamma-ray obser-
vatory. The data suggest an azimuthally symmetric
galactic bulge component with FWHM of 9° with
a 2o uncertainty range covering618. The flux of
511 keV photons was measured@gp = 9.9157 x
104 phcm 2 s~1. We have obtained angular distri-
butions and total fluxes expected from the decay of
sterile neutrinos using the density functi12)in
the expression for the flu.11)and averaging over
the 2 angular resolution of the spectrometer. By com-
paring our calculated flux to the experimental value
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Fig. 1. Mixing angle—sterile netiho mass parameter space with the contours of sterile neutrino abundance for different halo prefikes,

and 0.2, and for different mixing ang|& | = 0 and 1. The dark shaded region covers the combination of parameters thattoekee a flux

of 511 keV photons. The boundary of the shaded region gives the iaxof photons, as observed by INTEGRAL/SPI. The area bounded by
a thick solid curve is excluded by the diffe cosmological background of gamma photons.

we find the effective constraints on 829 and m;. To produce a model-independent exclusion plot, we
Fig. 1shows the results of our calculations o= 0.1 assume the conservative value = 0.2 since this
and Q2, for the extreme values dV| = 0, 1, with value of« yields the lowest count, and we allow |

the shaded area providing too large a flux compared to vary. Then the conservatively excluded region will
to the experimental value. Therefore, we can exclude be the overlap of the twe = 0.2 plots for the extreme

a significant portion of the parameter space in the values of|V| =0, 1, shown inFig. 2 We can also dis-
mass interval 1-100 MeYegardless what the source  connect the result from a particular functional form of
of the galactic positrons really is, conventional astro- the dark-matter density near the center by fixing its
physics or exotic scenarios. We also include in these value atr = 3 kpc and keeping it constant inside that
graphs contours of the different values®f, given by radius while keeping the same parametriza(ipii2)
Eq.(2.7). One can readily see that the flux of 511 keV with « = 0.2 outside of this region. Clearly, this will
photons is a very powerful tool for probing sterile neu- yield the most conservative outcome, and we show it
trinos, as even minuscule abundances of sterile neutri-also in Fig. 2 Notice that the assumption about the
nos, 2, ~ 109, can give observable fluxes. Majorana nature of sterile neutrinos would increase all
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Fig. 2. The exclusion plot for sterile neutriparameters based on conservative assumptions about the dark matter profile near the center of the
galaxy. The unshaded area correspond¥/fc= 1 and the hatched area|td| = 0. The solid area is the most conservative model-independent
result, corresponding to a dark matter density which is constant inside 3 kpc.

rates by a factor of 2, and thus lead to a larger excluded we can use the angular distribution to determine the
region. preferred cold dark matter density profile in the inner
Returning toFig. 1, we observe that the combina- galactic region in a similar fashion as in RE]. Aver-
tions ofm, andé that lie at the boundary of the shaded aging over the angular resolution of the spectrometer
region give the photon flux that can explain the INTE- and using the common flux normalization at the zero
GRAL/SPI signal. We see that the observed flux can angle result in the angular profiles shownFhig. 3
be accommodated with densities in a wide range of for « = 0.1 anda = 0.2. The distribution forx = 0.2
sterile neutrino abundances, o< £2 < 10°°. Each falls well within the 2r confidence interval, and thus
of these curves contains two branches: for a specified is clearly favored by the data over smaller valuea of
value of the mixing angl® there are two values of The angular distribution that we calculated with the
my consistent with the photon flux. The branch with power-like density functiornp(r) oc 1/r¥ for y =1
lower m corresponds to the sterile neutrino lifetimes comes very close to the one fer=0.2.
that are larger than the age of the univerSgr < 1, The photon widthI'y_,,,, although smaller than
and low values of2; in this case are caused by rather I'y_. ..z, should lead to the additional photon line at
inefficient production of sterile neutrinos in the hot E, =m,/2. The intensity ofm,/2 line, can never-
universe. Such low2; and mixing angles makes this theless come close to that of 511 keVnif is large
scenario immune to other possible constraints. At the because ofn,/(2m.) enhancement factor. Unfortu-
same time, for the upper branch of the curgzr > 1 nately, the prediction of photon fluxesmat /2 relative
and small§2; can also be caused by the exponential to 511 keV,
suppressionif2.7). Consequently, farn; ~ few MeV
along this branch the energy density of sterile neutri- Po5m,y = IN—vy - 27e - 0.031 ,
nos at higher redshifts could be of order one compared ®511y  2In—veze  7T(@AVI2+1)  4|V|2+1

to the rest of matter, and thus is subject to other cosmo- (2.13)
logical constraints such as diffuse photon background, varies by a factor of 5 depending ¢¥|.
(see, e.g[10,15). It is important to compare the limits from positron

If we assume that the flux of photons seen by INTE- production in the decays of the sterile neutrinos with
GRAL/SPI comes from the decay of sterile neutrinos, the limits derived from a comparison to the cosmo-
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Fig. 3. The angular distribution of 511 keV phbaos for two different inner halo profiles, = 0.1 and 02, averaged over the®2esolution of
the SPI spectrometer. The experimental data were fit with a Gaussian of full width at half maximufndaam8ter circle (shown as a vertical
dashed line), with a@ confidence interval of 6-18 (shown as vertical dashed-dotted lines). As can be seen, the distributien=for2 falls
well within the Zr confidence interval.

logical diffuse gamma background. R§J] estimates  verser and its energy density today,

the diffuse photon background produced by the radia-

tive sterile neutrinos with an additional assumption of 1 3 /2E\ 2

sterile neutrinos constituting the dominant part of dark —~ = — $205 p0Br, — (—)

matter. As a first approach, we can effectively compare 4 m m

their results by replacing their assumed neutrino abun- x I'yT exp{ _FN.L-(ZE/m)?’/Z}_ (2.14)

dance of 0.3 by our calculated 1?)5 Qsterile < 1072,

which relaxes their constraints on $inby many or-  The maximum in this spectrum corresponds to photon

ders of magnitude. For the diffuse photon background epergies

this meant, effectively, a bound on the lifetime>

4 x 10 years, but as can be seen from our Bj1)

our sensitivity tor is at the level of 5< 10'” years as-  Epax= {

suming the same abundance, 1 MeV neutrinos and a

minimum branching ratio teTe~ of 0.1. Therefore, it

appears that 511 keV photon flux provides more strin-

gent bounds than the diffuse photon background by

one to two orders of magnitude. It is nevertheless im-

portant to consider this issue in more detail, as the ex-

perimental data on photon background used in f&f. (&) - 1;f2

are clearly outdated. dE expN E2
The spectral density of the photon flux can be ex-

pressed in terms of the sterile neutrino mass the Plugging in the expression f&max (2.15)to the pho-

branching ratio to photons, the neutrino lifetime, the ton spectrum(2.14) we require(d®, /d E)max to be

“initial” neutrino abundanceq,, the age of the uni-  smaller thand®,, /d E)exp. This results in the follow-

m/2 for3r,r <1,

2.15
@r,r) " Im/2 for3r,t> 1. (2.15)

On the experimental sidgl 6], we assume a conserva-
tive bound on the spectrum of the cosmological diffuse
gamma ray background,

MeVstrtem2s 1. (2.16)
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ing constraint on the parameters of the model,

13 2 _1
STAV ]2 $205h xexp{ 3x}
forx <1,

13 2.-3/2 _1.-1/2
—9+4W|2.Qosh X exp{ 3% }

forx > 1,

35x 10 ">

(2.17)

where x = 3I'yt is introduced for concision. This
constraint simplifies when « 1, in which case we
obtain a very powerful limit on the combination of
masses and mixing angles,

(sin2 20 mg

2 5
<08
1crlg> (1 MeV) ~

whereV is taken to be one.

Plotting this constraint ifrig. 1, we superimpose it
on the limits obtained from the 511 keV line. We ob-
serve that the 511 keV line typically provides better
sensitivity to parameters of the model whEqpt < 1,
while the cosmological background of gamma can
provide more restrictive bounds ifyt > 1. Unlike
the limit from 511 keV photons, the cosmological
background constraint is not sensitive to the details of
the dark matter distribution in the galactic center.

(2.18)

3. Positron flux from decaying dark matter

In this section, we generalize the analysis of the
previous section to an dthary decaying relic, with-
out immediately specifying its cosmological origin
and keeping its abundance; as a free parameter,
2, < 2pm. The equality would mean that this relic
is the main component of the cold dark matter. The
flux of the galactic 511 keV photons, normalized to

the measured value, can be written as a function of the

massny, the decay width inte*e™ and$2;:

(p(mSv FeJre*v QS)
Dexp

10 MeV £2
0.23

In this equationy = 0.2 was used. We observe that
even if dark matter particles have much longer life-

~ (5% 10" yr x I+,-)

(3.1)

msg
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Sterile neutrinos in the mass range of 1-50 MeV
can account for the galactic positrons but cannot con-
stitute any appreciable fraction of the dark matter
if they are produced thermally from active neutrino
species under the assumption of a small lepton asym-
metry. To this end, it is interesting to relax the assump-
tions that led to Eg2.7)and using Eqq3.1) and (2.4)
estimate the resulting photon flux,

P (ms, 0, 82)

Dexp
sinf 20 My 4 24 32
1024 (10 Mev) 0.23 (3.2)
Combining the analysis of Ref10] at |[V| =1 and
the lepton asymmetry = 0.1 with Eq.(3.2), we find
that all points on the — m; parameter space that
correspond ta2, > 103 are firmly ruled out by the
excessive photon flux. Therefore, even for an arbitrary
lepton asymmetry, sterile neutrinos withh > 1 MeV
cannot constitute a significant fraction of dark matter.
The combination of both features, the sterile neutrino
dark matter f1; > 1 MeV) and acceptable positron
numbers from its decay, may only come at the price
of abandoning the conventional mechanism of thermal
transfer of active neutrinos into sterile, and assuming
some initial sterile neutrino energy density due to ei-
ther non-thermal production after inflation and/or de-
cay of some heavy non-SM particles intobefore the
electroweak epoch.

Another example of an unstable relic that could
produce positrons is an extremely weakly interacting
scalar or pseudoscalar partigfein the same MeV
mass range. Quite generically, we can write its in-
teraction with operators composed from the Standard
Model fields as

1 1
Ly= 500" )~ Em§,¢2 + 1\% Y o, (33)

~1.7(1+4V|?)

where the leading order dimension 4 operators that in-
duce the decay af are included. In models with extra
space-like dimensions, a scalar particle called radion
would couple to the trace of the stress-energy tensor of
visible matter. If¢ represents a radion, a scalar mode
corresponding to the fluctuation of the volume of extra
dimension, the coupling constat, can vary within a
large range, fronMp or even larger scale down iy

times than the age of the universe, they are still capable with the latter being the case in the Randall-Sundrum

of providing significant numbers of positrons.

model[17].
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For 1< mg S 100 MeV, the leading interaction  decay terms the scalérhas appreciable bilinear cou-
with fermions is given bpr;lmeée for scalars and plings to the Standard Model fields. For example, the
¢M;1meéiy5e for pseudoscalars. In both cases, the Lagrangiar5,19,20]
width toe™e™ is given by

1 1
_ = By — Z(m202 — 22HTH
) s Lo=50u09"¢ — 5 (mbs? — 1°H H)
p—ete— =
87TM$ + Ai[imeée, (3.7)
o7y 1Mo (10 Gev 2 *
~(2x 10"y 1 MeV M, ; where H is the Standard Model Higgs doublet, has

(3.4) the potential of providing a dark matter candidate

To ensure the right abundance ¢fone can choose

A to be large, in which case is thermalized above
mg and depletes its abundance via annihilation at the
freeze-out. In this case however, there is a direct exper-
imental bound om 4 that requires it to be heavier than
400 MeV[21], thus making it unsuitable for explain-
ing the positron flux. Another possibility for obtaining

a cosmologically required value @2, is to assume a

where the threshold effects are neglected, 2 mg.
Whether Eq(3.4) provides the dominant contribution
to the total decay width depends on whether or not
the anomalous interaction with photoggf,,, F**” or
qu,”FW, is generated at one loop. This depends on
the UV completion of theeffective Lagrangian(3.3),

and both outcomes, zero or non-zero couplings to pho-

to?s, are potShS|bIt_a (folr the stqalallr C"’Ee see,[it&i.and small value ofy, initial absence o$ scalars, and their
references therein). In particular, the one-loop anom- thermal production af ~ My [20]. This option is in-

alous coupling of scalars and photons is not generateddeed viable. and. ~ 10~7 would lead t0924 ~ 0.2
in the models yvhere _the interaction term of the scglar Thus, we see that the scalar field mo¢&7) can ac-
¢ with matter is obtained from a conformal rescaling count for the existence of cold dark matter and lead

ofFEzBrans_,—Dmke theciry with the mass"terhm f@rhlf to the observable fluxes if conditidB.6) is satisfied.
¢ Fy, anses at wo loops or not at all, then the to- |, y,q griginal formulation of this model without the

tal dzcay V|Vidth S dominatelc(ij bxlr d’*e*‘f’fa For tlhe decay term the stability of the scalar was ascribed to
pﬁeu osga ar caTe,. onedcog also avol .COUp.'EgrS] toeitherZz symmetry[5] or global U (1) symmetry if
photons by postulating a derivative interaction with the ¢ is a complex scalal9]. The appearance of the de-

SM fields, i.e. 0, ¢V v, ys¢ . Taking the point of view cay terms~ Mp*¢m.ée might be speculated to arise

+,- - -

thate™e™ represents the main decay channel, we Com- ;0 (4 the violation of these symmetries in string the-
bine Eqgs(3.1)and (3.4 to provide an estimate of the ory/quantum gravity at the Planck scale.

photon flux from the Galactic bulge,

D (M, 24) 101° GeV\? £2,
— 25— | —, 3.5 i i i
Do ( M. 023 (3.5) 4. Discussion and conclusions
which turns out to be independentaf. It is remark- We have shown that the decaying relics that may or
able thatM, as large as the Planck scale, may not constitute the main component of dark mat-
N 9 =55 ter can easily account for the flux of galactic photons
M, ~5x 10 GeV §24/0.23 (3.6) observed by the INTEGRAL/SPI instrumddf. The
can be probed this way for maximgl,! lifetimes of these relics of order 0yr, i.e., much

Is it realistic to have2, ~ 0.23? There are many larger than the age of the universe, can be probed this
possible scenarios of non-thermal production of way. This is also longer than the lifetime of unsta-
scalars and pseudoscalars. In fact, the scalar field en-ble ~ MeV-scale relics that can be probed with dif-
ergy density can be over-produced easily leading to fuse cosmic gamma-ray backgrouf8]. This sensi-
the closure of the universe (moduli problem). This is, tivity motivates further theoretical studies of the flux
of course, very much model-dependent, and can be of 511 keV photons from the bulge.
easily avoided in some scenarios. Thermal production  We have studied in detail the model of sterile neu-
can also be quite efficient if in addition to very weak trinos produced in the early universe by conversion
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from active neutrino species. We have shown that if tons with energies of .8m; is predicted to be at the

the decay teTe™ pairs is kinematically allowed, the  level of few percent of the flux of 511 keV neutrinos.

branching ratio in this mode is never smaller than Finally, we would like to comment that the scenario

10% even if the sterile neutrinos have no charged cur- with annihilating dark matter can be searched for ex-

rents with electronsi = 0). Using previous results of  perimentally using the existing data ehe™ colliders.

abundance calculatidii,10]and the total decay width ~ Since the results of Ref3] suggest an appreciable

of the sterile neutrino and its branching to positrons low-energy dark matter annihilation cross section into

obtained in this work, we were able to calculate the eTe~, one would naturally look for the missing en-

flux of the 511 keV photons as a function of the mix- ergy signal (plus a hard photon) in thge™ collisions

ing angled with active species and the sterile neutrino at higher energies where the SM model cross sec-

massin,. Over a large domain of the parameter space tions become smaller and while the cross section of

for 1 < my; < 50 MeV this flux turns out to be sig- the MeV-mass dark matter production would become

nificantly larger than the observed value. This enables larger.

us to exclude a significant portion of the parameter

space of sterile neutrinos regardless of whether the
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