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Abstract. Weaklyinteractingmassiveparticles(WIMPs)re-
mainthestrongestcandidatesfor thedarkmatterin theUni-
verse. If WIMPs arethe dark matter, they will form galac-
tic halosaccordingto thehierarchicalclusteringobservedin
N-body simulations. Cold dark matter(CDM) simulations
show that large dark matterstructuressuchasgalacticand
clusterhalosare formed by the merging of many smaller
clumpsof darkmatter. Eachclumpor halo is characterized
by a centrally cuspeddensityprofile that can enhancethe
rateof WIMP annihilationandmake the annihilationprod-
uctsmoreeasilydetectable.Electronsandpositronsgener-
atedasdecayproductsof WIMP annihilationemit synchro-
tron radiationin the Galacticmagneticfield. We studythe
synchrotronsignaturefrom theclumpsof darkmatterin our
Galactichalo.We find thattheemissionin theradioandmi-
crowaveregionof theelectromagneticspectrumcanbeabove
theCMB anisotropy level andshouldbedetectableby CMB
anisotropy experiments.Dependingon thedensityprofileof
darkmatterclumps,hundredsof clumpscanhavedetectable
fluxesandangularsizes.

1 Introduction

The densityof dark matter in the presentUniverseis ob-
servedvia its gravitationaleffectsongalaxiesandclustersof
galaxiesto constituteat leastabout30%of thecritical den-
sity of theUniverse,but thenatureof thisdarkmatteris still
unknown. Primordialnucleosynthesisconstrainsthedensity
of baryonicmatterto be lessthanabout5% of the critical
density, thusmostof the dark matteris non-baryonic.The
leadingcandidatefor the dark matter is the lightestsuper-
symmetricparticlein supersymmetricextensionsof thestan-
dardmodelthatis stableby conservationof R-parity. In most
scenariosthisweaklyinteractingmassiveparticle(WIMP) is
theneutralino,� (for a review, seeJungman,Kamionkowski
andGriest(1996)).
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Neutralinosmaybe detecteddirectly asthey traversethe
Earth or indirectly by the observation of their annihilation
products. Direct neutralinosearchesarenow underway in
a numberof low temperatureexperimentswith no consen-
susdetectionas of yet. Indirect searcheshave beenpro-
posedboth for gammaraysandsynchrotronemissionfrom
the annihilationof WIMPs in the Galacticcenter(Berezin-
sky, Gurevich, and Zybin, 1992; Berezinsky, Bottino, and
Mignola,1994)wheretheWIMP densityandmagneticfield
arounda centralmassive blackholemayenhancetheemis-
sionsignificantly(GondoloandSilk, 1999;Gondolo,2000).
Therateof annihilationis proportionalto theneutralinoden-
sity squared( ������ ), thereforethestrongestflux is expected
to comefrom theGalacticcenterwherethedarkmatterhalo
densitypeaks.

N-bodycold darkmatter(CDM) simulationshave shown
that thedarkmatterhaloshave a densityprofile with a cusp
at the center(within a coreradius �
	��
������� kpc) anda
steeperprofile in the outerregions. The slopeof the inner
cuspis still a matterof debaterangingfrom ����� to ����� in
differentsimulations.Superimposedon thesmoothcompo-
nent, the high-resolutionsimulationsfind a large degreeof
substructureformeddueto the constantmerging of smaller
halosto form thepresentdarkmatterhalo(see,for example,
Ghignaetal. (1998)).Thelargenumberof clumpsgenerated
throughthe hierarchicalclusteringof dark mattercomprise
about ������������� of the total massandcanenhancesig-
nificantly the emissionof gammarays and neutrinosfrom
neutralinoannihilationin higherdensityclumps(Bergstr̈om
et al., 1999;Calćaneo–Rold́anandMoore,2001). We show
here(andin moredetail in Blasi, Olinto andTyler (2001))
thatthesynchrotronradiationof electronsandpositronsgen-
eratedasdecayproductsof WIMP annihilationin theGalac-
tic magneticfield canprovideacrucialtestof WIMP models,
sincethe predictedfluxesare in the microwave region and
exceedthesignalof CMB anisotropiesat somefrequencies.
Thedetectionof thisexcessradiationfrom smallangularsize
regionsin the sky may provide the first signal from WIMP
annihilations.
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2 Synchrotron Signature of WIMP Clumps

The annihilationof neutralinosproduceshigh energy parti-
clesthroughseveralprocesses,dependingon themixtureof
supersymmetricfieldsthatform theneutralino.In additionto
thegammaray line generatedin thechannel�� �"!$#%# , the
annihilationof two neutralinosalsoresultsin acontinuumof
particles(gammarays,neutrinos,electrons,positrons,mu-
ons,etc.) that have energy spectrawell representedby an& �('*)+� power law. This is typicalof theprocessof fragmen-
tation andhadronizationof quarksinto hadrons(mainly pi-
ons)andtheir decayinto secondaryproducts.Herewe con-
centrateontheprocess�� �,!�-� -.! hadronsandthedecayof
theresultingpions. (We neglectthesmallcontribution from
kaonsandothermesons.)In particular, we areinterestedin
the /102/�� pairsgeneratedby thedecayof thechargedpions.

Whentheannihilationof neutralinosoccursin theGalaxy,
thesecondaryproductsareinjectedin theambientmagnetic
field. Clumpscan be brightenedby the synchrotronemis-
sion of /103/4� pairsin theGalacticfield, dependingon their
positionin thehalo.

We initially assumethattheelectronsemit in thesamere-
gion in which they aregenerated,which is thecasewhen /65
aremagneticallyconstrainedin thehighermagneticfield re-
gions. As the field decays,thediffusionof the emitting / 5
needsto beincluded(seeBlasi,Olinto andTyler (2001)).

The spectrumof the generated/65 naturally cuts off at
abouttheneutralinomass,7 � . Therefore,the relevant fre-
quency rangefor / 5 synchrotronemissionlies below the
maximumfrequency,8693:<;�=?>
@�A 7 �%B �����DC
E�FHG � CHIKJHL (1)

where >M@ONP> B1Q G. Sincethe Galacticmagneticfield is
aroundQ G, for 7 �SR� ���4� GeV, theradiationwill extendup
to microwave frequencies.Note that the electron-positron
spectraareflatter than

& ��� which implies that mostof the
energy is carriedby themostenergetic / 5 particles,andmost
of thesynchrotronemissionoccursat frequenciesapproach-
ing thecutoff.

In ourcalculations,weassumedthattheGalacticmagnetic
field hasanexponentialscaleheightasin Stanev (1997).To
modelthesmoothhalocomponent,we consideredtheNFW
haloprofile (Navarro,FrenkandWhite,1996,1997)

T�U :WV X N 7 � �ZY [ ��1	�\ �Z�^] �`_ ���	4a �(� L (2)

where � 	 is the coreradiusand �ZY is the numberdensityat� 	 . The two parameters,� 	 and �ZY , canbesetby requiring
that thehalocontainsa given total mass( bdc ) andthat the
velocitydispersionatsomedistancefromthecenterisknown
(in the caseof the Galaxy, thevelocity dispersionis �e�����
km/sin thevicinity of oursolarsystem).

We modeledthe clumpy halo following Blasi andSheth
(2000)wherethey fit thesimulationsto a joint distributionof
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Fig. 1. Locationsfor 754 dark matterclumpswith fluxes higher
thanCMB anisotropiesbetween1 and1000GHz. This realization
of theGalactichalofollows a NFW profile andcontains3972total
clumpswith kSlnmpo�q*r1stkvu . Crossesrepresentthesolid angleof
eachclump (multiplied by a factorof 5) insidewhich 90% of the
flux is located.

clumpmass,7 , andposition, � , by

�w	nx A �6L<7yG N �w	nx{z Y [ 7b c \ ��|~} �`_ [ �� 	nx	 \ �*� �('*)W� L (3)

where� 	nx{z Y is a normalizationconstant,� 	nx	 is thecoreof the
clumpsdistribution, and �e�?��� � fits well the simulations
in Ghignaet al. (1998). In Ghignaet al. (1998),a halowithb c�� ���d�����<�Kb�� containsabout ���4� clumpswith mass
largerthan b�	nxp�
�����Mb�� . We presentheretheresultsfor
thecaseof darkmatterhalosfollowing a NFW profilewhile
othercasesareconsideredin detailin Blasi,Olinto andTyler
(2001). The densityof eachclump is taken to be asin Eq.
(2), wherethenormalizationconstantis calculatedfrom the
totalmass,thecoreradiusof theclumpis assumedto be0.1
of theclumpradiusandthelatteris takenfrom thecondition
thattheclumpdensityequalsthelocaldensityof darkmatter
in theGalaxyat theclumpposition.

We simulatedseveral realizationsof a clumpy halo each
with about4000clumpsof massesb 	nx2� ������b � . Figure1
shows onerealizationwith 3972clumpsin Galacticcoordi-
nates.Hereweadopta crosssectionfor neutralinoannihila-
tion ������� �Z�� N�� ���������+������' B6� . Theresultscanberescaled
for thepresentchoiceof darkmatterdensityprofile (but this
rescalingis notgeneric,seeBlasi,Olinto andTyler (2001)).

In Figure 1, 754 clumpshave synchrotronfluxes in the
range1 to 1000GHzabove ��� ��� timestheCMB flux. These
clumpsarepotentiallydetectableby anisotropy experiments
wherethe isotropic CMB emissionis subtractedand only
anisotropiesat thelevel of �����(� timestheCMB flux remain.
Of these,132areabove 30 degreesGalacticlatitude(or be-
low -30). The clumpsrangein angularsizesfrom the size
of a pixel (10’x10’) to about10 degrees,occupying 2% of
the solid angleof the sky. The crossesshown in the fig-
ure representthe solid angle(amplifiedby a factorof 5 for
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Fig. 2. SameasFig. 1 but for observableclumpswith fluxeshigher
thanCMB anisotropiesbetween10and400GHz.

clarity) inside which 90% of the radiationfor eachclump
is located. Figure2 shows the locationandsolid anglesof
clumpsthat areobservablebetween10 and400 GHz. This
rangeis expectedto berelatively quietof CMB foregrounds
(see,e.g.,Tegmarket al. (2000)),thereforethe mostsensi-
tive CMB anisotropy experimentsareplannedfor this range
in frequency.

Thehistogramin Fig. 3 shows thenumberof observable
clumpsof differentsolid angles.Thereareover 100clumps
thatcanbeobservedby experimentswith angularresolution
around0.2 degrees. A few very large objectscan be seen
even by experimentswith poor angularresolution. These
correspondto clumpslocatedcloseto Earth.If a largeobject
is identifiedin this frequency range,a spectralstudywould
verify its natureasa darkmatterclump. In addition,thera-
dial dependenceof the flux within the clump could further
constrainCDM clusteringbehavior.

Figure4 shows a histogramof the numberof observable
clumpswith total flux in or above a givenenergy bin. The
histogramsin Figs. 3 and 4 were generatedfor the same
realizationin Fig. 1. For different realizationsseeBlasi,
Olinto andTyler (2001).Thebehavior shown in thesefigures
is genericandcanactasa guideto determineif microwave
sourcesareannihilatingdark matterclumpsor someother
foreground.

As anexampleof thespectraldependenceof thesynchro-
tron emissionfrom WIMP annihilation,we show in Figure
5 thespectrumof a darkmatterclump(thick line) compared
with theCMB anisotropies(thin line) in thesamesolid an-
gle occupiedby the clump. This clump is chosento lie at
galactocentriccoordinates[-4,0,0] kpc (wheretheSunis lo-
catedat [-8.5,0,0]),with ���4��b�� , occupying a half-angleof
1 degreeon the sky. Theneutralinomasswaschosento be
100GeV. Thedashedline showsthecaseof aneutralinowith
10 TeV for comparison.Thecutoff is movedto higherfre-
quenciesasexpectedfrom Eq. (1). If an annihilatingdark
matterclumpwereto beobserved,thecutoff would give us
theneutralinomassdirectly. Thedottedline shows theflux
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Fig. 3. Numberof clumpsof eachangularsizewith fluxesabove
CMB anisotropiesbetween10and400GHz.

for thesameclumpwith 7 � N ����� GeVbutwith theinterac-
tion strength,givenby theWIMP annihilationcrosssection
timesvelocity, ������� �Z�� , increasedby a factorof 100.

3 Conclusions

Theclumpy natureof CDM haloscanbeusedto detectand
constrainWIMP candidatesfor the non-baryonicdark mat-
ter. Neutralinoannihilationin thehigherdensityclumpscan
be observed via the synchrotronradiationof electronsand
positronsastheseannihilationproductsradiatein theGalac-
tic magneticfield. Thespatialstructureof theGalacticmag-
netic field implies that the synchrotronemissionfrom an-
nihilation getsstrongerasclumpsgetcloserto theGalactic
plane. This behavior gives a different angulardistribution
than the distribution from the gammaray signatureof the
sameclumps.Thisuniquecombinationwill helpdistinguish
WIMP clumpsfrom otherextragalacticgammaray sources.
Thefrequency rangewheretheseclumpsarebetterobserved
overlapswith highly sensitiveexperimentsplannedfor CMB
anisotropy measurements.Thepossibilityof detectingthese
clumpswill besoonwithin reach.Dependingon thedensity
profile of darkmatterclumps,hundredsof clumpshave de-
tectablefluxesandangularsizes.Evenmoreclumpsmaybe
presentif the lower limit on clump massesis loweredfrom������b � .

The spectralshape,spatialdistribution, andangularsize
of annihilatingneutralinoclumpsdiscussedabove represent
someparticularchoicesof 7 � and ������� �Z�� whicharehardto
constraina priori. Theneutralinomasssetsthecutoff of the
spectrumandchangestheoverallflux while thecrosssection
mostly influencesthe flux amplitude. Finally, the Galactic
magneticfield structureabove and below the planeof the
Galaxyis poorlyknown andwill alsoinfluencetheexactob-
servableclumpdistribution. Thebeststrategy is to searchfor
varyingsizesof CMB foregroundsat a numberof frequen-
ciesandselectfor thosewith thespectraldependencegiven
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Fig. 4. Numberof observableclumpswith totalflux in thespecified
flux bin or above.

in Fig. 5. Oncesomeextendedsynchrotronsourceshave
beenselected,theparticularradialdistributionandflux shape
will helpdetermineif thesesourcesaredarkmatterclumps.
The combinationof thesesynchrotronmeasurementswith
thedirectgammarayandneutrinosignaturewill make these
sourcesunique. In addition,the synchrotronsignaturewill
helpdeterminethestructureof themagneticfield above the
Galacticdisk.

FutureCMB experimentssuchasMAP andPlanckcanbe
usedin conjunctionwith futuregammaray andneutrinoex-
periments.Full sky coveragehelpsthis determinationsince
the Galacticplaneis usuallyavoidedby small areaexperi-
ments.MAP will observeaboveabout20GHzwhile Planck
shouldstartat30GHz,with a largeincreasein angularreso-
lution thatmakestheseobjectseasierto detect.
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