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Detecting WIMPs in the Microwave Sky
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Abstract. Thehierarchicalclusteringobserved in cold dark
mattersimulationsresultsin highly clumpedgalactichalos.
If the dark matter in our halo is madeof weakly interact-
ing massive particles(WIMPs), their annihilationproducts
shouldbedetectablein thehigherdensityandnearbyclumps.
WeconsiderWIMPsto beneutralinosandcalculatethesynch-
rotronflux from theirannihilationproductsin thepresenceof
theGalacticmagneticfield. Wederiveaself-consistentemis-
sion spectrumincluding pair annihilation,synchrotronself-
absorption,andsynchrotronself-Comptonreactions.There-
sultingradiationspansmicrowavefrequenciesthatcanbeob-
served over theanisotropiesin thecosmicmicrowave back-
ground.Thesesynchrotronsourcesshouldbeidentifiableas
WIMP clumps,either by their spatialstructureor by their
distinctiveradiospectrum.

1 Introduction

Thedensityof darkmatterin theUniverseis observedvia its
gravitational effectson galaxiesandclustersof galaxiesto
constituteabout30%of thecritical densityof theUniverse.
The natureof this dominantmattercomponentis still un-
known. Primordialnucleosynthesisandacousticpeaksin the
cosmicmicrowave background(CMB) constrainthedensity
of baryonicmatterto be lessthan about5% of the critical
density, thusmostof the dark matteris non-baryonic.The
leadingcandidatefor the dark matteris the lightest super-
symmetricparticlein supersymmetricextensionsof thestan-
dard model that can be stableby conservation of R-parity.
In most scenariosthis weakly interactingmassive particle
(WIMP) is the neutralino,� , which is a linear combination
of thephotino,thezino, andthehiggsinos(for a review, see
Jungman,Kamionkowski andGriest(1996)).

Neutralinosmay be detecteddirectly asthey traversethe
Earth or indirectly by the observation of their annihilation
products. Direct neutralinosearchesare now underwayin
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). The rateof neutralinoannihilationis pro-
portionalto theneutralinodensitysquared( ��� �� ), therefore
thestrongestflux is expectedto comefrom thehighestden-
sity regionssuchas the Galacticcenter. Dependingon the
historyof formationof thecentralblackhole in our Galaxy,

the WIMP densitymay be stronglyenhancedin the neigh-
borhoodof the black hole. The densityenhancementcou-
pled with assumptionsaboutthe local strengthof the mag-
neticfield can,in principle,constrainviablemodelsfor neut-
ralino massesandcrosssections(GondoloandSilk, 1999;
Gondolo,2000).

Although promising,the proposalto focus indirect sear-
cheson theGalacticnucleusis not freeof uncertainties.The
presenceof centralcuspsin largehaloshasbeenquestioned
by observationsSalucci(2000). In addition,the large frac-
tion of baryonic matteras well as the history of the cen-
tral black hole are likely to alter the dynamicsof the dark
matterin the Galacticcenter. Major mergersin the central
black hole’s pastwill tendto decreasethe dark matterden-
sity. A clearpictureof themagneticstructurearounda cen-
tral blackholeis alsolacking. In addition,whentheneutral-
ino densitybecomesvery high, thesynchrotronsignatureis
stronglymodified by synchrotronself-Comptonscatterings
andpair annihilation,aswe discussbelow andin (Aloisio et
al., 2002a). A cleanerdark matterannihilationsignalmay
bedetectedagainstabetterunderstoodbackgroundusingthe
clumpynatureof our halo.

Superimposedon the smoothcomponentof CDM halos,
high-resolutionsimulationsfind a large degreeof substruc-
tureformedby theconstantmergingof smallerhalosto form
a presentdark matterhalo (see,for example,Ghignaet al.
(1998)). The largenumberof clumpsgeneratedthroughthe
hierarchicalclusteringof CDM comprisesabout ���
	��
���
of the total massof a given halo. High densityandnearby
clumpsin our own halo enhanceappreciablythe emission
of gammarays and neutrinosfrom neutralinoannihilation
(Bergstr̈ometal.,1999;Calćaneo–Rold́anandMoore,2001).
As theseclumpsreachcloserto theGalacticplane,theGalac-
tic magneticfieldstrengthincreasesdrasticallyandthesynch-
rotronsignalfrom thechargedproductsof neutralinoannih-
ilation intensifiesconsiderably.

Here,we calculatein detail the synchrotronradiationof
electronsandpositronsgeneratedasdecayproductsof WIMP
annihilation in the Galacticmagneticfield. We show that
thesynchrotronemissioncanprovideacrucialtestof WIMP
models,sincethe predictedfluxesarein the microwave re-
gionandexceedthesignalof CMB anisotropiesatsomefre-
quencies.The detectionof this excessradiationfrom small
angularsizeregionsin thesky mayprovidethefirst signalof
WIMP darkmatter.

In section2, we explain thecalculationprocedure.In sec-
tions3 and4 we presentresultsfor two differentclumpden-



sity profiles. Section5 is theconclusion,with prospectsfor
detection.

2 Synchrotron from Dark Matter Clumps

2.1 DarkMatterClumpStructure

The densityprofile of dark matterhaloshasyet to be pre-
ciselydetermined.Thepossibleprofilesfor thesmoothdark
matter componenton the scalesof galaxiesis reasonably
well constrainedby observations of galacticdynamicsto-
getherwith CDM simulations. In contrast,the structureof
thesmallerdarkmatterhalos(i.e.,clumps)is only constrained
by theoreticalargumentsand numericalsimulations. Our
Galactichalocanbedescribedby botha smoothlargescale
componentplusadistributionof clumpswhicharethesmaller
halosthat have fallen into the Galacticpotentialwell as it
formedfrom lowermassobjects.

In orderto derive the synchrotronemissionfrom neutral-
ino annihilation in the dark matterclumpsof our Galaxy,
we needto model both the smoothcomponentof the halo
aswell as the individual densityprofile of the clumps. We
considerthe haloof theGalaxyto be well describedby the
Navarro,Frenk,andWhite (NFW) densityprofile (Navarro,
FrenkandWhite,1996,1997)whichwe describebelow. We
model the individual clumpsof dark matterin our halo by
two choicesof CDM haloprofilesthatspantherangeof rea-
sonableslopes:theNFW profile andthesingularisothermal
sphere(SIS).Thesetwo modelsbracketa rangeof possible
clumpdensityprofiles.

TheNFW profilearisesfrom CDM simulationsandis con-
sistentwith observationsof a numberof galaxies.Thedark
matterdensityasa functionof radiusfrom thecenterof the
particularhalois givenby:����������� � ��� � ����! #"%$'& �)( ��*�
+�" �-, (1)

where �*� is a core radius and � � is the neutralinomass.
This profile gives a broadcore region with a gently slop-
ing profile inside( � � � ".$ ) anda steeperslopeoutside �*�
( � � � "�/ ). In general,��� and ��� arefixedby thetotal mass
of thehaloinsidesomeradius 0214365 798 ��� andthedensityat
someparticularpoint (or equivalentlythevelocitydispersion
at thatpoint). To settheseparametersfor the smoothcom-
ponentof our Galactichalo,we chose���:� 091�3;5 74<=�4� where091�3;5 7 is theradiuswithin which liesmostof ourhalo’smass,> 14365 7 ���@? 0214365 7 �#� �BAC�4� $ � >ED . In addition,we setthe
densityin thesolarneighborhoodfrom thelocalvelocitydis-
persionto be � DCF �G��HJILK)M!NGO4�P�RQJILK AE�4� " �TS;U < O*V / which
fixesall parameters.

For eachindividual clumpdescribedby theNFW profile,
we fix � � and � � by setting � � � 0 � <J��� where 0 � is the
radiusat which the densityof the clump equalsthat of the
smoothhosthalodensity. Thetotalmassof theclumpis then
determinedby themassinside 0 � .
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Fig. 1. Anatomyof aWIMP clump.Radialdistancesaredrawn ona
logarithmicscale,with thecenterchosento be \T]�^`_ cm. TheNFW
clump(left) shows aTb inside cedgf . TheSISclump(right)shows,from
innerto outer, cehji k , c ^mlon , and c�d`f . Bothclumpsare \p]�q%rts , withc d`fJu \ kpc.

In orderto studythe rangeof possibleclump radial pro-
files,wealsoconsiderthecaseof clumpsdescribedby singu-
lar isothermalspheres(SIS).Thedensityprofile in this case
is givenby:v�wox�yez�{}|�~��#� xx��������)� (2)

By contrastwith NFW, the SIS profile provides a steeper
slope, leadingto a sharppeakdensityat the centerof the
clump.TheSISmodeldescribesacollectionof self-gravitating
collisionlessparticles. If dark matterclumpslack baryons,
then this profile is likely to be more appropriate. The pa-
rametersx � and ~�� arefixedby thetotal clumpmassandthe
halo densityat the edge. Figure1 sketchesboth NFW and
SISclumps( �2�)� � and ���;� � aredescribedin section4).

In additionto thespecifichaloandclumpprofiles,weneed
a modelfor thedistributionof clumpsin thehalo.Following
BlasiandSheth(2000),clumpsof mass{ andposition x are
distributedaccordingto~G�m��wox��T{�yez�~G�m��� � � {��� � �����*�e� � xx �m�� � ��� �G� � � � (3)

where ~G�m��� � is a normalizationconstantand x �m�� is thecoreof
theclumpdistribution. A valueof �E  �
�L¡ fits well thesim-
ulationsin Ghignaet al. (1998),in which a halowith

����¢£-¤ ��¥ � � �E¦ containsabout § ¥�¥ clumpswith masslarger
than

� �m��� �)� �   ��¥�¨ �E¦ . The presenceof suchdark sub-
structuregainssomesupportfrom recentanalysesof strong
gravitational lenssystems(see,for example,Chiba(2001)),
wheredwarfgalaxysatellitesandglobularclustersareinsuf-
ficient to affect the lensing,but dark subhalostructuresdo
altertheflux ratiosin multiply imagedsystems.
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Thehalorepresentationsgeneratedhereextendtheclump
distribution to a lower masscutoff of �4��© > D . In princi-
ple, lower massclumpswill be presentin simulationswith
larger dynamicalrange. For the caseof gamma-rayemis-
sion,Calćaneo–Rold́anandMoore(2001)find that little ad-
ditionalflux arisesif theminimummasscutoff is lowered.A
moredetailedstudyof lower massclumpswill bedescribed
in Aloisio etal. (2002b).

2.2 GeneratingSynchrotronRadiation

Neutralinosin DM clumpsannihilatemostlyinto quark-anti-
quarkpairswhich hadronizemostly into pions. Theneutral
pionsgive rise to the gamma-rayemissionvia ª �E« ¬J¬ ;
while chargedpionsdecayinto chargedleptons:ª�­ «¯® ­�°�± , ª " «¯® "2²°�± , (4)

andmuonssubsequentlydecayinto electronsandpositrons:® ­ «´³ ­ ²°
±�°�µ , ® " «¶³ " °
± ²°�µ I (5)

Neutrinosfrom this cascadeprocessmay eventually be de-
tectable,while electronsandpositronscanbe observed via
synchrotronradiationin thepresenceof magneticfields.

The numberof electronsandpositronsproducedat each
energy resultingfrom a single � ²� annihilation, ·6¸)¹·6º ¹ , canbe
calculatedvia:»½¼ µ»!¾ µ ��¿EÀPÁ �;Âº�¹ ¿ º�Ã�Ä�ÅÆºGÃ ÇÉÈ »!¼�Ê È�Ë±»½¾ ± »!¼�Ê ± Ëµ»½¾ µ »!¾ È »!¾ ± , (6)

where ²� F �o� ±J< � È � � and

Ç@È � � K� Q � ¾ È� �GÌ �  "G/ Ä � � �P	 ¾ È� ��Ì �  � I (7)

This form for thepionspectrumis theresultof thefragmen-
tationandhadronizationof partons,asfound in Hill (1983).
More sophisticatedfits canbeusedbut for thepresentwork
eq. (7) is sufficient. It is worth noting the strongly non-
thermal form of the fragmentationspectrum,which is in-
strumentalin distinguishing DM annihilationfrom theback-
groundprovided by the CMB radiation. In the integral (6),
thepiondecaygeneratesthefollowingmuonnumberperunit
energy:»½¼ Ê È�Ë±»!¾ ± � �¾ È � �È� �È 	 � �± (8)

andthemuondecaygives»½¼ Ê ± Ëµ»!¾ µ � �¾ ±ÎÍ KQ 	RÏ� � ¾ µ¾ ±  � ( �Ï � ¾ µ¾ ±  /TÐ I (9)

At low energies,eq.(6) behavesas»½¼ µ»!¾ µ � ¾ "ÒÑÂµ ,
(10)

andgoesto zeroas
¾ µ reachesthemaximumenergy which

is of theorderof � � .

Thetotal injectionrateof electronsandpositronsby neut-
ralino annihilationsis thengivenbyÓ µ � ¾ µ ��� � ���ÔmÕ�Ö�× � Å� � »!¼ µ»!¾ µ  ÙØ (11)

where ÔmÕ�Ö�× � Å� is theannihilationrate.Dependingonthespe-
cific neutralinomodel,the annihilationratevariesarounda
fiducial valueof ÔÚÕ�Ö�× � Å�ÎÛ Ï AÎ�4� " �TÜ O�V / <�Ý , with a wide
spread.Theelectron-positronpopulationatany pointin space
canbewrittenas» ��µ»!¾ µ Û Ó µTÞ , (12)

where Þ is the averagelifetime of the electronor positron.
For thecasesconsideredbelow, theelectronor positrongy-
roradiusis usuallymuchsmallerthanthesizeof theemitting
region. It is a goodassumptionto calculatethe emissionof
electronsandpositronsascoming from their original posi-
tion. Þ is the timescaleover which electronsandpositrons
radiateaway mostof theirenergy.

Dependingonthedensityprofileof theclump,theelectron
or positronenergy,

¾ µ , andthepositionwithin a clump, Þ is
determinedby theshortestamongthe following timescales:
the energy loss timescalefor (1) synchrotronradiation,(2)
inverseComptonscattering(ICS) off thecosmicmicrowave
background(CMB), (3) ICS off the local synchrotronpho-
tons,and(4) thepossibilityof electron-positronannihilation.
In theNFW casediscussedbelow, thesynchrotronemission
is the main energy lossprocess.The SIS casehasdifferent
regimeswith thecentralregionsbeingdominatedby ICS off
thegeneratedsynchrotronphotons.We discusseachcasein
moredetailbelow.

Thetotalsynchrotronpower(RybickiandLightman,1979),»!¾:ß`àTá»�â �äã Aå�4� " � $pæ �± ¾ �µèç*é U <�Ý , (13)

where æ ± is themagneticfield strengthin ® Gaussand
¾ µ is

the electronenergy in GeV. In our Galaxy, estimatesof æ ±vary between3 and6. If we choose
¾ µ#� � � �ê�4�
� GeV,

thetypicalsynchrotronpowerbecomesã A}�4� "%$ © ç*é U <�Ý . The
peakfrequency,°�ë 36ì � Ï ILí Aå����î æ ± ¾ �µðï9ñ , (14)

in the Galactic ® Gaussfileds, indicatethat the synchrotron
emissionshouldbeobservablebelow about50-100GHz.

In the numericalcalculationsof individual clump signa-
turesdiscussedbelow, we modeltheGalacticmagneticfieldæ �o� ,pò � usingStanev (1997),wherehere� and

ò
areGalaxy-

centeredcylindrical coordinates.We also assumefor sim-
plicity that the synchrotronradiationis mainly producedat
thepeakfrequency definedabove.

If theonly significantlossprocessis theemissionof synch-
rotronradiation,thenÞ Û ¾ µ»!¾ ßgàpá < »óâ I (15)
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The synchrotronemissivity from annihilatingneutralinosis
thenô�õ Û » � µ»!¾ µ »!¾ µ» ° »!¾ ß`àTá»óâ ç*é UO�V / Ý ï9ñ I (16)

In someregionsof DM clumps,otherprocessesaffect the
electron-positronnumberdensityper energy morestrongly
than the synchrotromemission. In the SIS case,the most
significantprocessis inverseComptonscattering(ICS) off
thegeneratedsynchrotronphotons.Othereffectscomefrom
the ³ ­ 	 ³ " pairannihilationandsynchrotronselfabsorption.
Wediscusstheseasthey becomerelevantin section4.

2.3 Comparingwith theCMB

As discussedabove, the rangeof frequencieswheresynch-
rotron emissionfrom DM clumpsmay be observed peaks
around� 40 GHz ��� � <J�����
ö ç*÷ � � . This frequency rangeis
the focusof intensive studiesof thestructureof cosmicmi-
crowavebackground(CMB) radiation.TheCMB signalsare
well understoodandwell measuredandgive theopportunity
to searchfor the DM clump emission.We focusour atten-
tion on the bandbetween�4�ø	 ã ��� GHz, which shouldbe
relatively freeof contaminatingCMB foregrounds(Tegmark
et al., 2000), and which is wherethe most sensitive CMB
experimentsareplannedto operate.

Only highlypeakedSISclumpsmayreachthelevelsof the
CMB emission.In general,theannihilationsignalis compa-
rablein flux to theCMB anisotropies,which areat the level
of �ù��� " S of theCMB. In whatfollows,we assumethatthe
CMB anisotropieshave ablackbodyspectrum.

Thebestspectraldataon theCMB comefrom theCOBE
FIRAS instrument(Fixsenet al., 1996).Thereporteduncer-
taintiesareof orderof ��� M!ú�û Ý é ".$ , above 68 GHz andonly
above í 7 angularscales.TheCOBEDMR instrument(Smoot
et al., 1992)used31, 53, and90 GHz, andfoundconsistent
anisotropies(of higherorderthandipole)at the � I �
AC�4� " Slevel, but againon í 7 scales.A combinedFIRAS andDMR
analysis(Fixsenet al., 1997)setstheanisotropyspectrumat
about K AC�4� " S of thecosmicmonopolespectrumfor these
largescales.

Our interestis in pixel sizestypical of upcomingCMB
probes.TheMAP mission(Hinshaw, 2000)is typically18ar-
cmin andthePlanckSurveyor (deZotti et al., 1999)is 5 ar-
cmin, sowe choosea nominalpixel sizeof �4�}Að�4� arcmin
(the smallerthe pixel, the brighter the clump, becauseone
canaimatthecentralcuspwheretheneutralinoannihilations
are most rapid). The BOOMERANG (de Bernardiset al.,
2000) and MAXIMA-1 (Hanany et al., 2000) experiments
employedthis resolution,andthey report � I Q A��4� " S fluctu-
ationsat � 7 (BOOMERANG)and � ILí Aü��� " S at14.4arcmin
(MAXIMA-1), with bothquotedat150GHz.

On the lower frequency side,someof the bestmeasure-
mentscomefromtheVLA, probingverysmallangularscales
(whereprimordial plasmafluctuationsbecomedampeddur-
ing the nonzerotimescaleof recombination). They report�ýAå�4� " S at HJI ã GHz (Partridgeetal., 1997;Fomalontet al.,
1993).

TheVLA measurementscomparemeaningfullywith clumps
thatappearaspoint sources.For extendedsources,is seems
best to blend the various experimentalresults,keepingin
mind the pixel size of interest. Fortunately, for all scales,
thedataareconsistentto within an orderof magnitude.We
chooseþ}ÿ õ <�ÿ õ Û �}AE�4� " S asthelimit for detectionof de-
viations distinct from thoseinherentin the CMB, with the
intendedcaveat that actualdetectionsmadein this way de-
serve further scrutiny regarding the precisionof the CMB
blackbody.

Thento summarize,our criteria for clump detectionover
theCMB areasfollows: Between10 and400GHz,thecen-
ter pixel of the clump (takento be �4�tA���� arcmin) must
exceed�#AÉ��� " S times ÿ õ�� ����� in thesamepixel solidangle.

3 NFW Clumps

TheNFW densityprofile,givenin eq.1, hasa lowerdensity
centralcuspwhencomparedwith a SISclump. This makes
theNFW casesimpler:absorptionof synchrotronphotonsby
relativistic electronsis unimportantand ³�� pair annihilation
occurson a longertime scalethansynchrotronradiation,so
it canbeignoredaswell. Wealsoneglectthepresenceof any
constantdensitycore,asthisregion is in generaltoosmallto
bedetected.

In orderto derivetheNFW clumpsignature,it is sufficient
to evaluatethe integral for theflux observed on Earth,from
a clumpat distance

»
:ÿ õ � �ã ª » � ¿ �
	��� ã ª � � ô*õ » � ç*é UO*V � Ý ï9ñ , (17)

using eq. 16. Because��� is relatively large ( � 75 pc for a�4� 
 >ED clump), NFW clumpswill often have observable
angularsizes.

The detectionof a NFW clump canbe madeby observ-
ing both the spectrumof the synchrotronemissionas well
as the detail angularprofile which is resolvable for NFW
clumps.In figure2, we plot thespectrumof a specificNFW
clump with mass �4� 
 > D locatedat Galactocentriccoordi-
nates[-4,0,0] kpc (theSunis at [-8.5,0,0]),andwith thefol-
lowing baseproperties: ÔÚÕ�Ö
× � Å� � Ï A���� " �pÜ O*V / <óÝ and� � � �4�
� GeV. Thethick line givesthis clump’s spectrum
from its centralpixel, andthethin solid line shows theCMB
anisotropies(takenas �ÉA ��� " S ÿ õ�� ����� ) in the samepixel
solidangle.Theotherlinesshow theeffectof modifying the
massof the clump by a factor of 10 (dashedline), increas-
ing the crosssectionby a factor of 100 (dotted line), and
changingthe neutralinomassby a factor of 10 (dot-dashed
line) or a factor of 100 (dot-dot-dashedline). Onecansee
that raising � � resultsin a highercutoff frequency, so that
if a bright enoughannihilatingneutralinoclump were ob-
served,its spectralcutoff would immediatelyreveal � � . On
the otherhand,changesto

>�� 5 and ÔÚÕ�Ö
× � Å� aredegenerate,
sosomeothermeansis necessaryto distinguishbetweenthe
two, suchas gravitational lensing,or dynamicaleffects on
nearbystars.
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Fig. 2. Spectrumof synchrotronemissionfrom an exampleNFW
clump,comparedwith theCMB anisotropies(thin line) in thesame
solid angleasthe clump. This clump is chosento lie at Galacto-
centriccoordinates[-4,0,0] kpc, 4.5kpc away from us. Theheavy
solid line is the basecase,where ������������ !�#" , $&%�')(+*-,*.�/10 �2�436587:9�;=<?>?@ , and AB*C�D�����FEHG�I . Thedashedline increases� �J� by 10times;thedottedline increases$&%�')( *-,* by 100times;the
dot-dashedline increasesAK* by 10 times;thedot-dot-dashedline
increasesAB* by 100times.

We have createdseveral simulationsof a clumpyhalo. In
each,thelowercutoff ontheclumpmass,L�M8NPO Q:R S , is aspec-
ified parameter. Table1 presentsthe major resultsfor each
of six halo realizationswith L�M8NTO Q:R SVUXW�Y[Z�L]\ , for which
3972clumpsweregenerated,totaling ^ few W_Ya`�`bL]\ . These
halosimulationsall employbasecaseattributes( c8dfe[gih
jhkUlnm W_Yaobp�q:r?s�t_u)v and w h UxW_Y4Y GeV).

We find thatbetween250and300clumpswill beobserv-
able in this halo, above the CMB anisotropiesbetween10
and400GHz asdescribedin section2.3. Noneof theNFW
clumpsis bright enoughto outshinethe CMB radiationit-
self; only the CMB fluctuationsare exceeded. The NFW
clumpsin theserealizationsoccupyslightly lessthan0.1%
of thefull sky’s solidangle(assuminga minimumpixel size
of W_Y m W_Y arcmin),andtypically several clumpsarewithin
3 kpc of the Earth. (Much of this information in table1 is

NFW 1 2 3 4 5 6
observable 282 264 289 261 296 265
outshineCMB 0 0 0 0 0 0y / ��z latitude 64 71 59 54 60 68
within 3 kpc 9 8 2 5 5 7
% of sky 0.09 0.06 0.06 0.05 0.07 0.06

Table 1. Someresultsfor NFW clumpsin six halo realizations,
eachset with �����T{ |~} �k�����_�n�V" , yielding 3972 clumps. The
following informationon observable clumpsis given: numberof
them,numberwhich outshinetheCMB (ratherthanjust theCMB
anisotropies),numberabove

/ � z or below � / � z Galacticlatitude,
numberwithin

/
kpc of Earth, and the percentageof the sky the

clumpsoccupy.
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Fig. 3. A simulatedsky of observableNFW dark matterclumps.
Eachcrossindicatesa clump, observableby the criteria laid out
in section2.3. The sizeof the crossindicatesthe angularsizeof
the clump suchthathalf its light originatesinsidetheareashown.
Angularsizesareexaggeratedby a factorof 10.

intendedfor comparisonwith the correspondingSIS case,
givenin table2 anddiscussedin section4.3.)

Of thefew hundredobservableclumps,between̂ 50and
75 will resideabove

l Y)� or below � l Y)� Galactic latitude,
whereGalacticmicrowavecontaminationis notproblematic.
The locationsof all the clumpsin the sky aredepictedfor
halorealization1 in figure3, with crossesindicatingthean-
gular size of the clumpssuchthat half of their total emis-
sion comesfrom insidethatarea.This half-light anglecor-
respondsto a half-light radius,which we will call � `i��p , that
equals Y����[�[��� for an NFW clump. For clarity, the angular
sizesin thefigureareexaggeratedby afactorof 10.

A histogramof thenumberof clumpsvs. angularsizeis
givenin figure4. Thefigureshowsresultsfor all 6 haloreal-
izationsdiscussedsofar, plusseveralothercasescorrespond-
ing to modified parametersL M8NTO Q�R S , c�dfe[g h
jh , and w h ; we
modify thesein orderto coversomeof thepossiblehalosand
someof thesupersymmetricparameterspaceavailableto the
neutralino. In eachcase,̂ 100 clumpsareresolvable,un-
less w h is diminishedby ^ 100timeswhich is too smallfor
any reasonableneutralinomodel. Interestingly, if theclump
massspectrumextendsbelow W_Y4Z�L]\ (in which casethere
are 23,830clumpsstill totaling ^��-��� m W_Ya`�`1L]\ ), or ifc�dfe4g8h
jh is significantly strongerthan assumed,many more
clumpscanbefound.A angularcorrelationfunctionfor this
caseis studiedin Aloisio etal. (2002b).

4 SIS Clumps

The SIS densityprofile wasgiven in eq.2. The steepcusp
divergesat thecenterandmakesit necessaryto define� Q:R S ,
the radiusinsidewhich neutralinoannihilationsaresorapid
that � hf� �D� � Q:R S[� U � h
� � Q:R S6� remainsconstant. � Q:R S
is found by settingthe cusp-formingtimescaleequalto the
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Fig. 4. Histogramshowing the half-light angularsize of NFW
clumpsin severalhalorealizations,asusedin figure3. Solid lines
arefor halo realizations«­¬¯® , where °�±�²T³ ´~µ ¶V·¸«�¹�º1°#» . The
dashedline is for °�±�²P³ ´fµ ¶¼·½«�¹_¾:°V» ; thedottedline is for ¿&À�Á)Â+Ã-ÄÃ
increased100 times; the dot-dashedand dot-dot-dashedlines are
for ÅBÃ increasedby 10and100times,respectively. Thethin dotted
vertical line shows theangularscaleof a «2¹nÆÇ«�¹ arcminpixel for
reference.� ²� annihilationtimescale(Berezinsky, Gurevich,andZybin,
1992),sothat0 ë:È á � 0 � 5 ÔÚÕ�Ö
×ÊÉÂ� Å� & � 14365 7ã ªfË � � + ÉÌ , (18)

where �G1�3;5 7 is the halo DM densityat the location of the
clump.

In theabsenceof otherinteractions,onewouldintegrate

ô*õ
from eq.16 over thevolumeof theclump,andfind that the
dominantpart of the flux comesfrom the vicinity of 0 ë:È á .
However, due to the high density at the centerof an SIS
clump,thereareotherimportantfactorsto include. We dis-
cusseachfactorin turn:

4.1 RelevantInteractions

(1) Inverse Compton scattering of electronsand positrons
againstthesynchrotronphotonscreatedby theelectronsand
positronsis the most importantcorrectionto the electron-
positrondistribution in spaceandenergy. To seethis, we
write theICS power as (Rybicki andLightman,1979)»½¾ È � ß»óâ � ã Ï ÕaÍ ÌÏÎ � ¬ �4ÐÒÑ 1 , (19)

whereÕaÍ ��QJILQ
K A �4� " �TS O*V � is theThomsoncrosssection
(which is appropriatein the limit ÓG°VÔ � µ Ì � ), Î Û � , andÐ
Ñ 1 is theenergy densityin thephotonfield.

The photonpopulationwith the greatestenergy density
controlstherateof ICS.For theCMB,Ð � ë
Õ �×Ö[Ø�Ù� ë
Õ , (20)

whereÖ���íJILK�Q A:�4� ".$ S ç*é U O�V "�/ Ú " Ù andØ � ëÒÕ � � ILí � H Ú .
At theinnercoresof theSISclumps,we find thatthesynch-
rotronphotonpopulationdominatesthephotonenergy den-
sity suchthat

ÐÒÑ 1 Û Ð ß`àTáÇÛ Ð � ëÒÕ . Thesynchrotronenergy
densityat distance� from the clump centercan be calcu-
latedastheintegral of theemissivity alongall linesof sight,Ü
����� , from � to all other points in the clump. The energy
and spacedependencein the equilibrium density of elec-
tronsandpositronscanbe factorizedas

» � µ � ¾ µ , ��� < »!¾ µ=ÝÕ � �o���ßÞ#� ¾ � , following from a similar factorizationin thein-
jectionfunction Ó!� ¾ µ , ��� . This leadstoÐ ß`àTá ����� Ý æ � � /� ÿ ����� (21)

whereÿ �o��� � �� ¿ $"%$ » Ì?à Ü_á)¿½âßãåä+æ� Õ � �o�!�&Ü��;� » Ü , (22)

and Ü ë 36ì �ù� Ì�à Ü_á ( �;�o� Ì?à Ü�á�� � ( 0 �� 	 � � � $ Ä � . After some
algebraicstepswe find thatÕ � �o��� Ý � " ç <
ÿ ����� , (23)

whereÎ is theslopeof theradialdependencein theinjection
function( Î �äã for isothermalclumpsoutsidetheminimum
radius). The detailedequationis thensolved iteratively in
orderto calculatetheequilibriumelectronpositronfunction,
which gives» ��µ � ¾ µ , ���»!¾ µ Ý ¾ " S Ä �µ � " S Ä � , (24)

for an isothermalclump. Note that in themostgeneralcase
thatweconsiderednumerically, theequationtosolveis anin-
tegral equationsincethefunction ÿ ����� containstheunknown
equilibriumdistribution.

Thisholdswhereverelectronlossesarefastestby ICSagainst
thesynchrotronphotonfield. In thecaseof lossesbeingdom-
inatedby synchrotronradiationandICSagainsttheCMB in-
stead,thelossmechanismis independentof � , and

» � µ < ¾ µèÝ¾ " S Ä �µ � " Ù . Sincethetwo formsof electronlosseshave dif-
ferentpowerlaws in � (andthesamepower law in

¾ µ ), there
is a transitionradius 0­È � ß � ß`àTá (which is independentof

¾ µ )
betweenthetwo behaviors.

(2) Pair annihilation between³ " and ³ ­ particleswould
have an importantrole in determiningthe flux from a DM
sourcein theabsenceof theICS describedabove. But in the
presenceof ICS losses,pair annihilationmakeslittle differ-
enceto the resultingradioflux. Pair annihilationis still im-
portant,becauseit reducesthepopulationof thelowerenergy
pairs, which would otherwiseupscatterphotonsfrequently
enoughto affect thesynchrotronspectrum.

We canestimatethe ³�� lifetime for the casewhereelec-
tronsannihilatebeforethey loseasignificantfractionof their
original energy via synchrotronor ICS asÞ µêé Û �Ô � µÏë Õ µßì Ö µ�ë × (25)
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with Ö µ Û Ì , and the anglebracketsindicatingan average
over

¾ µ ë . (This is equally valid if we interchangeall the
plusandminussigns,but wewill keeptrackof signsin order
to distinguishbetweenparticlesandantiparticles.)

With eq.(12),we have» � µ é»½¾ µßé � Ó µ éÔ � µ ë Õ µ ì Ö µ ë × I (26)

The term in anglebracketsis computedfrom the equations
in Svennson(1982)(alsoconsistentwith Coppi andBland-
ford (1990)). Ô � µÏë Õ µßì Ö µ�ë × canbe expressedasan energy
integral which dependson the ³ � distribution that we are
trying to determine.Again,we find thesolutionto this non-
linearequationvia numericaliterations.

Neglecting a slow varying logarithm in the annihilation
crosssection,one finds that � µ ë is roughly constantandÔÚÕ µ ì Ö µ ë × Ý ¾ ".$µ é . That is, a given positronof any energy
seesessentiallythe samedistribution of target electrons,so
to a first approximation,it is sufficient to replacethe elec-
tron distribution with a singlepopulationat energy

¾ µ ë Û� µ Ì � . By thatrationale,Þ µ é � ¾ µ é . At low energieswhere»½¼ µ < »!¾ µ � ¾ "G/ Ä �µ , this meansthat
» � µ < »!¾ µ � ¾ "%$ Ä � and� µ � ¾ $ Ä � (wherethesubscript³ refersto eitheranelectron

or apositron).
The distribution in space,ratherthanenergy, is easierto

determine. In order to satisfy eq. (26) with the injectionÓ µ�Ý � " Ù setby the isothermalDM profile, we musthave» � µ < »½¾ µVÝ � " � . Then for a region whose ³_� lossesare
fastestby pair annihilation,wehave» ��µ»½¾ µ Ý ¾ "%$ Ä �µ � " � I (27)

We define 0 3 á*á � È � ß as the transition radius betweenthe� " � pair annihilationdistribution and the � " S Ä � ICS distri-
bution. If 0 3 á*á � È � ß Û 02ë:È á , pair annihilationdominatesthe
central region over ICS. In our halo and for most choices
of � � , 0#3 á*á � È � ß!í 0 ë:È á for electronsradiatingat frequen-
ciesof interest.Thedistributionflattensat thecenterbefore
thedensitycangethigh enoughto createa pair annihilation
dominatedregion. At lowerfrequencies,pairannihilationbe-
comesimportantandlimits the numberof low energy pairs
which becomeunableto effect thesynchrotronspectrum.

(3) Synchrotron self absorption (SSA) occurswhen the
electronsin themagneticfield canabsorbtheenergy of the
synchrotronphotons.Theper-unit-lengthabsorptioncoeffi-
cientfor SSAcanbewrittenas:î õ � 	 Ì �H ª�° »!¾ ßgàpá»óâ & ïï ° � �° » � µ» °  :+ , (28)

wherethephotonfrequency is relatedto theelectronenergy
via ° À�ð�ñ . SSAabsorbersof aparticularphotonareelectrons
of similar energy to the original synchrotronemitterwhich
madethephoton.As such,SSAis only effectivebelow some° �8ò È ó , wherethecorrespondingelectronsaremorenumerous.

Thesourcefunctionfor anabsorbingsourceis ô
õ � ô õ < î õ ,

andtheopticaldepthisÞ õ � ¿ î õ » ò:, (29)
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Fig. 5. Radial flux profile for an exampleSIS clump, integrated
alongthelineof sightthroughtheclump.Thisplot givestherelative
intensitiesfound by pointing toward different partsof the clump,
givensufficientangularresolution.Thesolid line is for 10GHzand
thedashedline is for 100GHz.

where

ò
is a line-of-sightcoordinate.Theflux densityfrom

sucha sourceat distance
»

from the Earth is obtainedby
summingover eachline of sightthroughtheDM clump:ÿ õ � �ã ª » � ¿ �
ö�÷� ��ªfø?ô õ � �:	 ³ " ù8ú � » ø ç*é UO*V � Ý ï9ñ I (30)

TheSSAcutoff frequency ° �8ò È ó dependsin parton theab-
sorberdensity, andwithout ICS or ³�� pair annihilationef-
fects, SSA would be the most importantcorrectionto the
calculatedflux. SSA hasbeenincludedin the calculations
performedhere,but sincethecentralabsorberpopulationis
diminishedby ICS, it is of secondaryimportance.

4.2 Results

The synchrotronspectrumof DM clumpsis predominantly
alteredby ICS off synchrotronphotons.Figure5 shows an
exampleof a SISclumpprofile thatshows theflattenedcen-
tral region. A characteristicsize for the clump, 0 $ Ä � , can
bedefinedby theradiusinsidewhichhalf of thesynchrotron
radiationoriginates.

Figure6 showsthespectrumof synchrotronemissionfrom
a SISclump in thesamepositionastheNFW clumpof fig-
ure2. Thethicksolidline givesthebasecase,

> � 5 � ��� 
 >ED ,ÔÚÕ�Ö
× � Å� � Ï A��4� " �TÜ O*V / <�Ý , and � � � �4�
��ö ç�÷ . The
dashedline increases

> � 5 by 10; the dottedline increasesÔÚÕ�Ö
× � Å� by 100 times; the dot-dashedline increases� � by
10times;thedot-dot-dashedline increases� � by 100times.
Thethin solid line givestheintensityof theCMB within the�4�ýAE��� arcminpixel, for comparison.

In order to comparethe SIS with the NFW clumps,we
usedthesamehalosimulationsasin theNFW case:realiza-
tions �P	 Q with 3972clumps(

>�� 5 � ë:È á � ����© > D ), andan-
otherrealizationwith 23,830clumps(

> � 5 � ë�È á � �4� î >ED ),
all with � few A:�4� $p$ >ED total. For a typicalclumpmassof
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Fig. 6. Spectrumof synchrotronemissionfrom an exampleSIS
clumpchosento lie at Galactocentriccoordinates[-4,0,0] kpc. The
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of theCMB within the ��� 0 �2� arcminpixel, for comparison.

W_Y)þ¼L]\ , a SISclumpcanoutshinea NFW clump by aboutW_Y[ÿ timesin themicrowave.

ThevisibleSISclumpsfor halorealization1 areshown in
figure7, herewith angularsizesbasedon � `i��p exaggerated
by afactorof 5,000(noneof theseclumpsis resolvablewith-
outinterferometry).In table2,welist someresultsof theSIS
case.First,wefind thatSISclumps(in anNFW halo)tendto
produce�4Y[Y ��� Y[Y observablesources,which is a few times
more than the NFW clump case(comparetables1 and2).
Thecombinedsourcesoccupyonly slightly lesssolid angle
thanwith NFW, mostlydueto thesmallangularsizeof SIS
clumps.But unlike theNFW case,̂ 20%of theSISclumps
not only outshinethe CMB anisotropies,but outshinethe
CMB altogether. A similar percentageof observableclumps
is locatedoutsidethedirectionof theGalacticdisk. Finally,
thetablegivesseveralobservableclumpswithin 3 kpcof the
Earth,whichcanberesolved(asin figure5) by longbaseline
interferometers.

Table 3 givesa comparisonof the NFW andSIS clump
profiles, by reporting the numberof observable clumpsin
eachcase,while alsovarying w h , c�dfe4g h
jh , or L M8NTO Q:R S . The
resultsshow thatchangingtheseparametershasdifferentout-
comesfor NFW andSIS.For example,increasingw h by a
factorof 100 lowersthespectrumfor mostrelevant � bands
(seefigure2); therefore,NFW clumpsgetdimmerandfewer
areseen.Ontheotherhand,theSISclumpsarebrightenough
to avoid thatworry, andtheincreasein w�h alsoincreasesthe
maximumelectronenergy. This allows strongsourceseven
in weakmagneticfieldsvia eqs.13 and14, raisingthenum-
berof observableclumps.

As anotherexample,changingc�dfe[g h
jh haslittle effect on
SIS clumps,becausethey have an overdensityof electrons
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Fig. 7. A simulatedsky of observableSISdarkmatterclumps.Each
markindicatesaclump,observableby thecriterialaid out in section
2.3. The sizeof the crossindicatesthe angularsizeof the clump
suchthat half its light originatesinside the areashown. Angular
sizesareexaggeratedby a factorof 5000.

and positronsemitting anyway. But for NFW, where the
clumpsaretypically neartheCMB anisotropylevel, chang-
ing the ���� crosssectionaffectsthefluxessignificantly. Both
NFW andSIScasesseesimilar growth in thenumberof ob-
servableclumpswhentheclumpmassspectrumis extended
downward.

5 Conclusion

In this paper, we studiedthesynchrotronsignatureof neut-
ralino annihilationin the presenceof the Galacticmagnetic
field. If hierarchicalCDM clusteringextendsdown to mass
scalessmallerthandwarfgalaxies,theseDM clumpsarede-
tectablein microwavesover thefluctuationsin theCMB.

If the clumpshave nearlyNFW profiles like the Galaxy,
thentheclumpshave finite angularsizes.NFW clumpshave

SIS 1 2 3 4 5 6
observable 636 632 676 656 682 616
outshineCMB 54 34 38 37 37 40y / �_z latitude 130 155 144 129 140 135
within 3 kpc 9 8 2 5 5 7
resolvable 212 184 209 190 210 201
resolve y / ��z 48 53 51 49 54 59
% of sky 0.04 0.04 0.05 0.04 0.05 0.04

Table 2. Someresults for SIS clumps in six halo realizations,
eachset with � �J�P{ |f} � ����� � � " , yielding 3972 clumps. The
following informationon observable clumpsis given: numberof
them,numberwhich outshinetheCMB (ratherthanjust theCMB
anisotropies),numberabove

/ � z (or below � / � z ) Galacticlatitude,
numberwithin

/
kpcof Earth,numberresolvableby 10km interfer-

ometrysuchastheVLA, numberresolvableby theVLA above
/ ��z

Galacticlatitude,andthepercentageof thesky theclumpsoccupy.
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case NFW SIS
basecase 282 636¿&À�Á)Â Ã-ÄÃ Æ�«�¹�¹ 528 671Å Ã ÆÇ«�¹ 284 1126ÅBÃnÆÇ«�¹_¹ 66 917° ±J²P³ ´fµ ¶ ÆB¹��T« 1078 3503

Table 3. Comparisonof NFW andSISclumps.Thebasecaserefers
to Å Ã ·×«�¹�¹ GeV, ¿&À�Á)Â Ã-ÄÃ	��
 Æ�«�¹���
������������ , and ° ±�²P³ ´fµ ¶ ·«2¹�ºF°#» . The othercasesmodify theseparametersasstated.The
lastrow of thetableusesa differenthalorealizationthantheother
rows.

synchrotronspectrumfrom non-thermalelectronswith neg-
ligible ICS and self-absortion. NFW clumpswill be large
enoughandnumerousenoughthatseveralshouldberesolv-
ablein angularprofile by CMB anisotropyexperiments.The
light profile will follow � ".$ insidea coreradius.Thestatis-
ticsof theclumpsdistributionshouldbeconsistency with fig-
ure4 andtable1.

SIS clumpsarebrighterandsmallerin angularsize. The
clumpshave a distinctive spectrumdueto a combinationof
ICSandpairannihilationfeatures,in aparticularradialstruc-
ture.Thespectrumcanbecheckedat lowerfrequenciesalso,
becausetheseclumpsareverybrightandmayoutshineother
radiobackgrounds.A few clumpsshouldbecloseenoughto
displaya distinctiveradialprofile by interferometricmeans.

In eithercase,oneshouldmakeuseof CMB anisotropy
studiesto searchfor neutralinoannihilationin DM clumps.
Many clumpsshouldhave signalabove �BA ��� " S timesthe
2.728K Planckfunction. Thesourcesareusuallysmalland
occupyasmallfractionof thesky, sothata full sky highres-
olution microwave survey maybenecessary. The upcoming
MAP andPlanckmissionswill providethat.Evenin smaller
datasetssuchastheBOOMERANG,MAXIMA, andDASI,
it is possiblethatclumpscanbedetected.

Uponfindingsynchrotronsourceclumpsor hotpixels,one
final checkcanprove their DM nature.Thegammaray and
neutrinoemissionfrom them must fit the expectedlevels,
andmust be independentof position in the Galaxy, unlike
the synchrotronwhich follows the Galaxy’s magneticfield.
This combinationof signaturesmakesthe sourcesunique,
andaidsin extractingspecificinformationaboutthem:

> � 5 ,� � , and ÔÚÕ�Ö�× � Å� .
Oneinterestingpoint to noteis thatfor reasonablechoices

of theappropriateparameters,wefind thatseveralhundredor
moreclumpsaretypically observablein eitherprofile. If new
CMB experimentsfail to detectthem,thenwe have learned
thateitherneutralinosarenot thedarkmatter, or CDM halo
clumpsdo not exist. However, if they arefound, they offer
a valuableopportunityto learnmoreaboutCDM clustering,
neutralinopropertieslike massandcrosssection,andpossi-
bly theGalacticmagneticfield structure.
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