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Abstract. Weaklyinteractingmassve particles(WIMPs)re-
mainthe strongestandidate$or the dark matterin the Uni-
verse. If WIMPs arethe dark matter they will form galac-
tic halosaccordingo the hierarchicaklusteringobseredin
N-body simulations. Cold dark matter(CDM) simulations
shaw that large dark matterstructuressuchas galacticand
cluster halos are formed by the merging of mary smaller
clumpsof dark matter Eachclump or halois characterized
by a centrally cuspeddensity profile that can enhancethe
rate of WIMP annihilationand make the annihilationprod-
uctsmore easily detectable.Electronsand positronsgener
atedasdecayproductsof WIMP annihilationemit synchro-
tron radiationin the Galacticmagneticfield. We studythe
synchrotrorsignaturérom the clumpsof dark matterin our
Galactichalo. We find thatthe emissionin theradioandmi-
crowaveregionof theelectromagnetispectruntanbeabove
the CMB anisotrojy level andshouldbe detectabldoy CMB
anisotroly experimentsDependingon the densityprofile of
darkmatterclumps,hundredof clumpscanhave detectable
fluxesandangularsizes.

1 Introduction

The density of dark matterin the presentUniverseis ob-
senedvia its gravitationaleffectson galaxiesandclustersof

galaxiesto constituteat leastabout30% of the critical den-
sity of the Universe but the natureof this dark matteris still

unknaown. Primordialnucleosynthesisonstrainghe density
of baryonicmatterto be lessthanabout5% of the critical

density thusmostof the dark matteris non-baryonic. The
leading candidatefor the dark matteris the lightestsuper

symmetrigparticlein supersymmetriextensionof thestan-
dardmodelthatis stableby conserationof R-parity. In most
scenarioshis weaklyinteractingmassie particle(WIMP) is
theneutralino,y (for areview, seeJungmanKamionkowski
andGriest(1996)).
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Neutralinosmay be detecteddirectly asthey traversethe
Earth or indirectly by the obsenation of their annihilation
products. Direct neutralinosearchesre now undervay in
a numberof low temperatureexperimentswith no consen-
sus detectionas of yet. Indirect searchehave beenpro-
posedboth for gammaraysandsynchrotronemissionfrom
the annihilationof WIMPs in the Galacticcenter(Berezin-
sky, Gurevich, and Zybin, 1992; Berezinsl, Bottino, and
Mignola, 1994)wherethe WIMP densityandmagnetidield
arounda centralmassve black hole may enhancehe emis-
sionsignificantly(GondoloandSilk, 1999;Gondolo,2000).
Therateof annihilationis proportionalto theneutralinoden-
sity squared~ ni), thereforethe strongesflux is expected
to comefrom the Galacticcenterwherethe dark matterhalo
densitypeaks.

N-body cold dark matter(CDM) simulationshave shavn
thatthe dark matterhaloshave a densityprofile with a cusp
atthe center(within a coreradiusR. ~ 5 — 10 kpc) anda
steepemprofile in the outerregions. The slopeof the inner
cuspis still a matterof debaterangingfrom r=! to »=2 in
differentsimulations.Superimposedn the smoothcompo-
nent, the high-resolutionsimulationsfind a large degree of
substructurdormeddueto the constantmeiging of smaller
halosto form the presentlarkmatterhalo (see for example,
Ghignaetal. (1998)).Thelargenumberof clumpsgenerated
throughthe hierarchicalclusteringof dark mattercomprise
about~ 10 — 20% of the total massand canenhancesig-
nificantly the emissionof gammarays and neutrinosfrom
neutralinoannihilationin higherdensityclumps(Bergstiom
etal., 1999; Calcdneo—RoldnandMoore, 2001). We shav
here(andin moredetailin Blasi, Olinto and Tyler (2001))
thatthesynchrotrorradiationof electronsandpositronggen-
eratedasdecayproductsof WIMP annihilationin the Galac-
tic magnetidield canprovideacrucialtestof WIMP models,
sincethe predictedfluxesarein the microwave region and
exceedthe signalof CMB anisotropiesat somefrequencies.
Thedetectiorof thisexcesgadiationfrom smallangularsize
regionsin the sky may provide the first signalfrom WIMP
annihilations.



2 Synchrotron Signature of WIMP Clumps

The annihilationof neutralinogproduceshigh enepgy parti-
clesthroughseveral processesjependingon the mixture of
supersymmetrifieldsthatform theneutralino.In additionto
the gammaray line generatedn the channelyxy — ~v, the
annihilationof two neutralinosalsoresultsin acontinuumof
particles(gammarays, neutrinos,electrons positrons,mu-
ons, etc.) that have enegy spectrawell representedby an
E—3/2 powerlaw. This s typical of the procesf fragmen-
tation and hadronizatiorof quarksinto hadrong(mainly pi-
ons)andtheir decayinto secondaryroducts.Herewe con-
centratentheprocesyxy — ¢¢ — hadronsandthedecayof
theresultingpions. (We neglectthe small contribution from
kaonsandothermesons.)in particular we areinterestedn
theete~ pairsgeneratedy the decayof thechagedpions.

Whentheannihilationof neutralinooccursin the Galaxy
the secondaryroductsareinjectedin the ambientmagnetic
field. Clumpscan be brightenedby the synchrotronemis-
sionof ete~ pairsin the Galacticfield, dependingn their
positionin the halo.

We initially assumehattheelectronseemitin thesamere-
gionin whichthey aregeneratedwhich is the casewhene*
aremagneticallyconstrainedn the highermagnetidield re-
gions. As the field decaysthe diffusion of the emitting e+
needdo beincluded(seeBlasi, Olinto andTyler (2001)).

The spectrumof the generatece® naturally cuts off at
aboutthe neutralinomass,m,,. Therefore the relevantfre-
quengy rangefor e* synchrotronemissionlies belov the
maximumfrequeng,

Vmax =~ B, (my /100 GeV)? GHz , (1)

where B, = B/uG. Sincethe Galactic magneticfield is
arounduG, for m,, 2 100 GeV, theradiationwill extendup
to microwave frequencies. Note that the electron-positron
spectraare flatter than £—2 which implies that mostof the
enepy is carriedby themostenepgetice® particlesandmost
of the synchrotroremissionoccursat frequencieapproach-
ing the cutoff.

In ourcalculationsywe assumedhatthe Galacticmagnetic
field hasanexponentialscaleheightasin Stane (1997).To
modelthe smoothhalocomponentwe consideredhe NFW
haloprofile (Navarro,FrenkandWhite, 1996,1997)

-1 —2
Phalo = My N0 (;) |:1 + L:| ) (2)

c TC

wherer, is the coreradiusandng is the numberdensityat
r.. Thetwo parametersy. andng, canbe setby requiring
thatthe halo containsa giventotal mass(Mg) andthatthe
velocity dispersioratsomedistancdrom thecenteris known
(in the caseof the Galaxy the velocity dispersionis ~ 200
km/sin thevicinity of our solarsystem).

We modeledthe clumpy halo following Blasi and Sheth
(2000)wherethey fit thesimulationgo ajoint distribution of
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Fig. 1. Locationsfor 754 dark matterclumpswith fluxes higher
thanCMB anisotropiedetweenl and1000GHz. This realization
of the Galactichalofollows a NFW profile andcontains3972total
clumpswith M.; > 107 M. Crossesepresenthe solid angleof
eachclump (multiplied by a factorof 5) insidewhich 90% of the
flux is located.

clumpmassyn, andposition,r, by
3/2

ncl(r,m)znd,o(MﬂH) 1+(%)] NG

wheren; o is anormalizationconstantr<! is the coreof the
clumpsdistribution, anda ~ 1.9 fits well the simulations
in Ghignaetal. (1998). In Ghignaet al. (1998),a halowith

My ~ 2 x 10'? My containsabout500 clumpswith mass
largerthanM,; ~ 10® M. We presenherethe resultsfor

the caseof darkmatterhalosfollowing a NFW profile while

othercasesareconsideredn detailin Blasi, Olinto andTyler

(2001). The densityof eachclumpis takento beasin Eq.

(2), wherethe normalizationconstanis calculatedrom the
total massthe coreradiusof the clumpis assumedo be 0.1

of theclumpradiusandthelatteris takenfrom the condition
thatthe clumpdensityequalghelocal densityof darkmatter
in the Galaxyatthe clumpposition.

We simulatedseveral realizationsof a clumpy halo each
with about4000clumpsof masses\/.; > 107 M. Figurel
shavs onerealizationwith 3972 clumpsin Galacticcoordi-
nates.Herewe adopta crosssectionfor neutralinoannihila-
tion {(ow),x = 3 x 10~ 2% cm®/s. Theresultscanberescaled
for the presenthoiceof darkmatterdensityprofile (but this
rescalings notgeneric seeBlasi, Olinto andTyler (2001)).

In Figure 1, 754 clumpshave synchrotronfluxesin the
rangel to 1000GHz above 10~° timesthe CMB flux. These
clumpsarepotentiallydetectabldoy anisotroly experiments
wherethe isotropic CMB emissionis subtractedand only
anisotropiegtthelevel of 10~° timesthe CMB flux remain.
Of these, 132 areabove 30 degreesGalacticlatitude (or be-
low -30). Theclumpsrangein angularsizesfrom the size
of a pixel (10'x10") to about10 degrees,occupying 2% of
the solid angle of the sky. The crossesshown in the fig-
urerepresenthe solid angle(amplified by a factorof 5 for
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Fig. 2. SameasFig. 1 but for obserableclumpswith fluxeshigher
thanCMB anisotropiebetweerl0and400GHz.

clarity) inside which 90% of the radiationfor eachclump

is located. Figure 2 shaws the locationand solid anglesof

clumpsthat are obsenablebetweenl0 and400 GHz. This

rangeis expectedo berelatively quietof CMB foregrounds
(see,e.g., Tegmarket al. (2000)), thereforethe mostsensi-
tive CMB anisotroly experimentsareplannedfor this range
in frequeng.

The histogramin Fig. 3 shavs the numberof obsenable
clumpsof differentsolid angles.Thereareover 100 clumps
thatcanbe obsenredby experimentswith angularresolution
around0.2 degrees. A few very large objectscan be seen
even by experimentswith poor angularresolution. These
correspondo clumpslocatedcloseto Earth.If alargeobject
is identifiedin this frequeng range,a spectralstudywould
verify its natureasa dark matterclump. In addition,thera-
dial dependencef the flux within the clump could further
constrainCDM clusteringbehavior.

Figure4 shows a histogramof the numberof obsenable
clumpswith total flux in or above a givenenegy bin. The
histogramsin Figs. 3 and 4 were generatedor the same
realizationin Fig. 1. For differentrealizationsseeBlasi,
Olinto andTyler (2001). Thebehaior shovn in thesefigures
is genericandcanactasa guideto determinegf microwave
sourcesare annihilatingdark matterclumpsor someother
foreground.

As anexampleof the spectraldependencef the synchro-
tron emissionfrom WIMP annihilation,we showv in Figure
5 the spectrunof adarkmatterclump (thick line) compared
with the CMB anisotropiegthin line) in the samesolid an-
gle occupiedby the clump. This clumpis chosento lie at
galactocentricoordinateg-4,0,0] kpc (wherethe Sunis lo-
catedat [-8.5,0,0]),with 108 M, occupying a half-angleof
1 degreeon the sky. The neutralinomasswaschosernto be
100GeV. Thedashedine shavsthecaseof aneutralinowith
10 TeV for comparison.The cutoff is movedto higherfre-
quenciesasexpectedfrom Eq. (1). If anannihilatingdark
matterclumpwereto be obsened, the cutoff would give us
the neutralinomassdirectly. The dottedline shaws the flux
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Fig. 3. Numberof clumpsof eachangularsizewith fluxesabose
CMB anisotropiebetweerl0and400GHz.

for thesameclumpwith m, = 100 GeV butwith theinterac-
tion strength given by the WIMP annihilationcrosssection
timesvelocity, (ov)y, increasedy afactorof 100.

3 Conclusions

The clumpy natureof CDM haloscanbe usedto detectand
constrainWIMP candidatedor the non-baryonicdark mat-
ter. Neutralinoannihilationin the higherdensityclumpscan
be obsened via the synchrotronradiationof electronsand
positronsastheseannihilationproductsradiatein the Galac-
tic magnetidield. The spatialstructureof the Galacticmag-
netic field implies that the synchrotronemissionfrom an-
nihilation getsstrongeras clumpsget closerto the Galactic
plane. This behaior givesa differentangulardistribution
thanthe distribution from the gammaray signatureof the
sameclumps.This uniqguecombinationwill helpdistinguish
WIMP clumpsfrom otherextragalacticgammaray sources.
Thefrequeng rangewheretheseclumpsarebetterobsered
overlapswith highly sensitve experimentgplannedior CMB
anisotroy measurements he possibility of detectingthese
clumpswill be soonwithin reach.Dependingonthe density
profile of dark matterclumps,hundred=f clumpshave de-
tectablefluxesandangularsizes.Evenmoreclumpsmaybe
presentf the lower limit on clump massess loweredfrom
10" My,

The spectralshape spatialdistribution, and angularsize
of annihilatingneutralinoclumpsdiscusse@bore represent
someparticularchoicesof m, and(ov),¢ whicharehardto
constraina priori. The neutralinomasssetsthe cutoff of the
spectrunandchangesheoverallflux while the crosssection
mostly influencesthe flux amplitude. Finally, the Galactic
magneticfield structureabose and below the plane of the
Galaxyis poorly known andwill alsoinfluencethe exactob-
senableclumpdistribution. Thebeststratayy is to searcHor
varying sizesof CMB foregroundsat a numberof frequen-
ciesandselectfor thosewith the spectraldependencgiven



150,

120 —

90— —

60— —

30— —

number of visible clumps with specified flux or above
T

10 10" 10" 0™ 10"

flux bin (erg cm? sec’)

Fig. 4. Numberof obserableclumpswith total flux in thespecified
flux bin or aborve.

in Fig. 5. Oncesomeextendedsynchrotronsourceshave
beenselectedtheparticularadialdistributionandflux shape
will helpdeterminaf thesesourcesaredark matterclumps.
The combinationof thesesynchrotronmeasurementwith
thedirectgammaray andneutrinosignaturewill make these
sourcesunique. In addition, the synchrotronsignaturewill
help determinethe structureof the magneticfield above the
Galacticdisk.

FutureCMB experimentsuchasMAP andPlanckcanbe
usedin conjunctionwith futuregammaray andneutrinoex-
periments.Full sky coveragehelpsthis determinatiorsince
the Galacticplaneis usually avoided by small areaexperi-
ments.MAP will obsere abore about20 GHz while Planck
shouldstartat 30 GHz, with alargeincreasan angulareso-
lution thatmakestheseobjectseasierto detect.
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