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Abstract. Thehierarchicalclusteringobsenedin cold dark
mattersimulationsresultsin highly clumpedgalactichalos.
If the dark matterin our halo is madeof weakly interact-
ing massie particles(WIMPS), their annihilation products
shouldbedetectablén thehigherdensityandnearbyclumps.
We consideWIMPsto beneutralinosandcalculatehesynch-
rotronflux from theirannihilationproductsn thepresencef
theGalacticmagnetidield. We derive aself-consistengémis-
sion spectrumincluding pair annihilation,synchrotronself-
absorptionandsynchrotrorself-ComptorreactionsThere-
sultingradiationspansnicrovave frequencieshatcanbeob-
sened over the anisotropiesn the cosmicmicrowave back-
ground. Thesesynchrotrorsourceshouldbeidentifiableas
WIMP clumps, either by their spatial structureor by their
distinctiveradiospectrum.

1 Introduction

Thedensityof darkmatterin the Universeis obsenedvia its

Cll gravitational effects on galaxiesand clustersof galaxiesto
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constituteabout30% of the critical densityof the Universe.
The natureof this dominantmattercomponentis still un-
known. Primordialnucleosynthesiandacoustiqpeaksn the
cosmicmicrowave background CMB) constrainthe density
of baryonicmatterto be lessthan about5% of the critical
density thus mostof the dark matteris non-baryonic. The
leadingcandidatefor the dark matteris the lightest super
symmetricparticlein supersymmetriextensionsof thestan-
dard modelthat can be stableby conseration of R-parity.
In most scenarioghis weakly interactingmassie particle
(WIMP) is the neutralino,x, which is alinear combination
of the photino,the zino, andthe higgsinos(for a review, see
JungmanKamionkownski andGriest(1996)).
Neutralinosmay be detecteddirectly asthey traversethe
Earth or indirectly by the obsenation of their annihilation
products. Direct neutralinosearchesre now underwayin
a numberof low temperaturexperimentswith no consen-
susdetectionas of yet. Indirect searchehave beenpro-
posedboth for gammarays and synchrotronemissionfrom
the annihilationof WIMPs in the Galacticcenter(Berezin-
sky, Gurevich, and Zybin, 1992; Berezinsly, Bottino, and
Mignola, 1994). The rate of neutralinoannihilationis pro-
portionalto the neutralinodensitysquared~ ni), therefore
the strongesflux is expectedto comefrom the highestden-
sity regions suchasthe Galacticcenter Dependingon the
history of formationof the centralblack holein our Galaxy

the WIMP densitymay be strongly enhancedn the neigh-
borhoodof the black hole. The densityenhancementou-
pled with assumptionsboutthe local strengthof the mag-
neticfield can,in principle,constrainviablemodelsfor neut-
ralino massesand crosssections(Gondoloand Silk, 1999;
Gondolo,2000).

Although promising, the proposalto focusindirect seaf
cheson the Galacticnucleuss not freeof uncertaintiesThe
presencef centralcuspsin large haloshasbeenquestioned
by obsenationsSalucci(2000). In addition,the large frac-
tion of baryonic matteras well asthe history of the cen-
tral black hole arelikely to alter the dynamicsof the dark
matterin the Galacticcenter Major megersin the central
black hole’s pastwill tendto decreas¢he dark matterden-
sity. A clearpictureof the magneticstructurearounda cen-
tral black holeis alsolacking. In addition,whenthe neutral-
ino densitybecomesrery high, the synchrotronsignatureis
strongly modified by synchrotronself-Comptonscatterings
andpair annihilation,aswe discusselor andin (Aloisio et
al., 2002a). A cleanerdark matterannihilationsignal may
be detectedhgainsi betterunderstoodackgroundisingthe
clumpy natureof our halo.

Superimposen the smoothcomponeniof CDM halos,
high-resolutionsimulationsfind a large degree of substruc-
tureformedby the constantneiging of smallerhalosto form
a presentdark matterhalo (see,for example, Ghignaet al.
(1998)). The large numberof clumpsgeneratedhroughthe
hierarchicalclusteringof CDM comprisesabout10 — 20%
of the total massof a given halo. High densityandnearby
clumpsin our own halo enhanceappreciablythe emission
of gammarays and neutrinosfrom neutralinoannihilation
(Bergstometal., 1999;Calcaneo—RoldnandMoore,2001).
AstheseclumpsreachclosertotheGalacticplane theGalac-
tic magnetidield strengthincreasesrasticallyandthesynch-
rotronsignalfrom the chagedproductsof neutralinoannih-
ilation intensifiesconsiderably

Here, we calculatein detail the synchrotronradiation of
electronsandpositrongeneratedsdecayproductnf WIMP
annihilationin the Galacticmagneticfield. We shav that
the synchrotroremissioncanprovide a crucialtestof WIMP
models,sincethe predictedfluxesarein the microwvave re-
gion andexceedthe signalof CMB anisotropiesat somefre-
guencies.The detectionof this excessradiationfrom small
angularsizeregionsin thesky mayprovide thefirst signalof
WIMP darkmatter

In section2, we explain the calculationprocedureln sec-
tions 3 and4 we presentesultsfor two differentclumpden-



sity profiles. Section5 is the conclusionwith prospectdor
detection.

2 Synchrotron from Dark Matter Clumps
2.1 DarkMatter Clump Structure

The densityprofile of dark matterhaloshasyet to be pre-
ciselydetermined The possibleprofilesfor the smoothdark
matter componenton the scalesof galaxiesis reasonably
well constrainedby obsenations of galactic dynamicsto-
getherwith CDM simulations. In contrast,the structureof
thesmallerdarkmatterhalos(i.e.,clumps)is only constrained
by theoreticalagumentsand numerical simulations. Our
Galactichalo canbe describedy both a smoothlarge scale
componenplusadistributionof clumpswhicharethesmaller
halosthat have fallen into the Galactic potentialwell as it
formedfrom lower massobjects.

In orderto derive the synchrotroremissionfrom neutral-
ino annihilationin the dark matter clumps of our Galaxy
we needto model both the smoothcomponentof the halo
aswell asthe individual density profile of the clumps. We
considerthe halo of the Galaxyto be well describedoy the
Navarro, Frenk,and White (NFW) densityprofile (Navarro,
FrenkandWhite, 1996,1997)which we describebelon. We
modelthe individual clumpsof dark matterin our halo by
two choicesof CDM halo profilesthatspanthe rangeof rea-
sonableslopes:the NFW profile andthe singularisothermal
sphereg(SIS). Thesetwo modelsbracketa rangeof possible
clumpdensityprofiles.

TheNFW profilearise§rom CDM simulationsandis con-
sistentwith obsenationsof a numberof galaxies. The dark
matterdensityasa function of radiusfrom the centerof the
particularhalois givenby:

p(r) = myng <r1>_1 [1 + 1] - (1)

c rC

wherer, is a core radiusand m,, is the neutralinomass.
This profile gives a broad core region with a gently slop-
ing profile inside (p ~ r~!) anda steepeislopeoutsider,

(p ~ r~3). In generalyn, andr. arefixed by thetotal mass
of thehaloinsidesomeradius Ry, > r. andthe densityat
someparticularpoint (or equivalentlythevelocity dispersion
at that point). To settheseparametergor the smoothcom-
ponentof our Galactichalo,we choser, = Rya1,/10 where
Rhalo is theradiuswithin which lies mostof our halo’smass,
Mhalo(r < Rpao) = 2 x 1012Mg. In addition,we setthe
densityin thesolarneighborhoodrom thelocal velocity dis-

persionto be po, = p(8.5kpc) = 6.5 x 10~ 2%g/cm” which

fixesall parameters.

For eachindividual clump describedy the NFW profile,
we fix r. andng by settingr. = R./10 where R, is the
radiusat which the densityof the clump equalsthat of the
smoothhosthalodensity Thetotal massof theclumpis then
determinedy themassnside R..

NFW SIS

Fig. 1. Anatomyof aWIMP clump. Radialdistancesredravn ona
logarithmicscale with the centerchoserto be 10'? cm. The NFW
clump(left) shawsr. insideR.;. TheSISclump(right) shows,from
innerto outet Ruin, Ry /2, andRq. Both clumpsare10® Mg, with
Ra ~ 1 kpc.

In orderto studythe rangeof possibleclump radial pro-
files,we alsoconsidetthecaseof clumpsdescribedy singu-
lar isothermalspheregSIS). The densityprofile in this case
is givenby:

-2
p(r) = myng <TL) : 2
By contrastwith NFW, the SIS profile provides a steeper
slope, leadingto a sharppeakdensityat the centerof the
clump. TheSISmodeldescribescollectionof self-gravitating
collisionlesspatrticles. If dark matterclumpslack baryons,
thenthis profile is likely to be more appropriate. The pa-
rameters . andng arefixed by thetotal clumpmassandthe
halo densityat the edge. Figure 1 sketchedoth NFW and
SISclumps(Rmin and R/, aredescribedn sectiond).

In additionto thespecifichaloandclumpprofiles,we need
amodelfor thedistribution of clumpsin the halo. Following
BlasiandSheth(2000),clumpsof massn andpositionr are
distributedaccordingto

—a 97 —3/2
m r
natrm) =nao (=) 1+ (%) ] C®

wheren. o is anormalizationconstaneandr¢<! is the core of
the clumpdistribution. A valueof a ~ 1.9 fits well the sim-
ulationsin Ghignaetal. (1998),in whichahalowith Mg ~
2 x 10?2 M containsabout500 clumpswith masslarger
than Mci min ~ 108 M. The presenceof suchdark sub-
structuregainssomesupportfrom recentanalyseof strong
gravitational lenssystemgsee,for example,Chiba(2001)),
wheredwarfgalaxysatellitesandglobular clustersareinsuf-
ficient to affect the lensing, but dark subhalostructuresdo
altertheflux ratiosin multiply imagedsystems.




The halorepresentationgeneratedhereextendthe clump
distribution to a lower masscutoff of 107 Mg,. In princi-
ple, lower massclumpswill be presentin simulationswith
larger dynamicalrange. For the caseof gamma-rayemis-
sion, Calcaneo—RoldnandMoore (2001)find thatlittle ad-
ditionalflux arisesf the minimummasscutoff is lowered.A
moredetailedstudyof lower massclumpswill be described
in Aloisio etal. (2002b).

2.2 GeneratingsynchrotrorRadiation

Neutralinosn DM clumpsannihilatemostlyinto quark-anti-
guarkpairswhich hadronizemostly into pions. The neutral
pions give rise to the gamma-rayemissionvia 7% — ~v;
while chagedpionsdecayinto chagedleptons:

+

s uty, 7T = pT o, 4

andmuonssubsequentlgecayinto electronsandpositrons:

+

pt — et

UpVe b~ — € vyl . (5)
Neutrinosfrom this cascaderocesamay eventually be de-
tectable while electronsand positronscanbe obsenred via
synchrotrorradiationin the presencef magnetidields.
The numberof electronsand positronsproducedat each
enepgy resultingfrom a single yx annihilation,jge , canbe
calculatedvia: )

dN, e Bl AN AN
= g dE.dE,, (6
dE. [E [E W*dE, . v ©

wherer = (m,/m.)? and
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W= 16 <mxcz> (1 mxcz) . ")
This form for the pion spectrumis theresultof the fragmen-
tationandhadronizatiorof partons,asfoundin Hill (1983).
More sophisticatedits canbe usedbut for the presentwvork
eq. (7) is sufficient. It is worth noting the strongly non-
thermalform of the fragmentationspectrum,which is in-
strumentaln distinguishirg DM annihilationfrom theback-
groundprovided by the CMB radiation. In the integral (6),
thepiondecaygeneratethefollowing muonnumberperunit
enegy:

AN 1 m2 @®
dE, — Exm—m?

andthe muondecaygives

53Ee2+2E63
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At low enepgies,eq.(6) behaesas
dN, _3

~ Ee 21
dFE.
andgoesto zeroas F, reacheghe maximumenegy which
is of theorderof m, .
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Thetotalinjectionrateof electronsandpositronsby neut-
ralino annihilationss thengivenby

0o(B) = i ovhs (552) )
where(ov), ¢ is theannihilationrate. Dependingnthespe-

cific neutralinomodel,the annihilationrate variesarounda

fiducial valueof (cv),y ~ 3 x 107%? cm?/s, with a wide

spread Theelectron-positropopulationatary pointin space
canbewritten as

dn,
dF,

X geT, (12)
wherer is the averagelifetime of the electronor positron.
For the casesconsideredelow, the electronor positrongy-
roradiusis usuallymuchsmallerthanthe sizeof theemitting
region. It is a goodassumptiorto calculatethe emissionof
electronsand positronsas coming from their original posi-
tion. 7 is the timescaleover which electronsand positrons
radiateaway mostof theirenepy.

Dependingnthedensityprofile of theclump,theelectron
or positronenegy, F., andthe positionwithin a clump,r is
determinedby the shortestamongthe following timescales:
the enepgy losstimescalefor (1) synchrotronradiation, (2)
inverseComptonscattering(ICS) off the cosmicmicrowave
background CMB), (3) ICS off the local synchrotronpho-
tons,and(4) thepossibility of electron-positromnnihilation.
In the NFW casediscussedbelow, the synchrotronemission
is the main enepgy lossprocess.The SIS casehasdifferent
regimeswith thecentralregionsbeingdominatedoy ICS off
the generatedynchrotrorphotons.We discussachcasein
moredetailbelow.

Thetotal synchrotrorpower (RybickiandLightman,1979),

‘”‘Z% =4 x107*'BLE? erg/s,
whereB,, is themagnetidield strengthin pGaussand E. is
the electronenegy in GeV. In our Galaxy estimatesof B,
vary betweer8 and6. If we choosel, ~ m, ~ 100 GeV,
thetypical synchrotrorpowerbecomes x 10~ '7erg/s. The
peakfrequeng,

(13)

Vmax = 3.7 x 10°B,E? Hz, (14)

in the Galactic uGaussfileds, indicatethat the synchrotron
emissionshouldbe obserablebelor about50-100GHz.

In the numericalcalculationsof individual clump signa-
turesdiscussedelown, we modelthe Galacticmagneticfield
B(r, z) usingStane (1997),whereherer andz areGalaxy-
centeredcylindrical coordinates. We also assumefor sim-
plicity that the synchrotronradiationis mainly producedat
thepeakfrequeng definedabore.

If theonly significantossprocesss theemissiorof synch-
rotronradiation,then

Ee

T~ 7dEsyn/dt . (15)



The synchrotronemissvity from annihilatingneutralinosis
then

dn. dE. dFgyn erg
dE. dv dt

In someregionsof DM clumps,otherprocessesaffectthe
electron-positromumberdensity per enegy more strongly
than the synchrotromemission. In the SIS case,the most
significantprocesss inverseComptonscattering(ICS) off
thegeneratedynchrotrorphotons.Othereffectscomefrom
theet —e~ pairannihilationandsynchrotrorselfabsorption.
We discusgheseasthey becomerelevantin section4.

(16)

v = o
cm?sHz

2.3 Comparingwith the CMB

As discussedbore, the rangeof frequenciesvheresynch-
rotron emissionfrom DM clumpsmay be obsered peaks
around~ 40 GHz (m,,/100GeV)?. This frequeng rangeis
the focusof intensie studiesof the structureof cosmicmi-
crowvave backgroundCMB) radiation.The CMB signalsare
well understoodndwell measure@ndgive the opportunity
to searchfor the DM clump emission. We focusour atten-
tion on the bandbetween10 — 400 GHz, which shouldbe
relatively freeof contaminatingCMB foregroundqTegmark
et al., 2000), and which is wherethe most sensitve CMB
experimentsareplannedo operate.

Only highly peaked51Sclumpsmayreachthelevelsof the
CMB emission.In generalthe annihilationsignalis compa-
rablein flux to the CMB anisotropieswhich areat the level
of ~ 1075 of the CMB. In whatfollows, we assumehatthe
CMB anisotropiehave ablackbodyspectrum.

The bestspectraldataon the CMB comefrom the COBE
FIRAS instrument(Fixsenetal., 1996). Thereporteduncer
taintiesareof orderof 20 kJy sr=!, above 68 GHz andonly
above 7° angularscales TheCOBEDMR instrumen{Smoot
etal., 1992)used31, 53,and90 GHz, andfound consistent
anisotropiegof higherorderthandipole)atthe 1.1 x 1073
level, but againon 7° scales.A combinedFIRAS andDMR
analysigFixsenetal., 1997)setsthe anisotropyspectrumat
about5 x 10~° of the cosmicmonopolespectrunfor these
largescales.

Our interestis in pixel sizestypical of upcomingCMB
probes.TheMAP mission(Hinshawv, 2000)is typically 18ar
cmin andthe PlanckSurweyor (de Zotti etal., 1999)is 5 ar
cmin, sowe choosea nominalpixel sizeof 10 x 10 arcmin
(the smallerthe pixel, the brighterthe clump, becauseone
canaim atthe centralcuspwherethe neutralincannihilations
aremostrapid). The BOOMERANG (de Bernardiset al.,
2000) and MAXIMA-1 (Hanary et al., 2000) experiments
employedthis resolution,andthey report2.6 x 10~° fluctu-
ationsat1° (BOOMERANG)and1.7 x 10~° at 14.4arcmin
(MAXIMA-1), with bothquotedat 150 GHz.

On the lower frequeng side, someof the bestmeasure-
mentscomefromtheVLA, probingverysmallangularscales
(whereprimordial plasmafluctuationshecomedampeddur-
ing the nonzerotimescaleof recombination). They report
2 x 10~° at8.4 GHz (Partridgeetal., 1997;Fomalontetal.,
1993).

TheVLA measurementsomparaneaningfullywith clumps
thatappearaspoint sources For extendedsourcesjs seems
bestto blend the various experimentalresults, keepingin
mind the pixel size of interest. Fortunately for all scales,
the dataareconsistento within an orderof magnitude.We
chooseAl, /I, ~ 2 x 10~° asthelimit for detectionof de-
viations distinct from thoseinherentin the CMB, with the
intendedcareat that actualdetectionamadein this way de-
sene further scrutiry regardingthe precisionof the CMB
blackbody

Thento summarizepur criteriafor clump detectionover
the CMB areasfollows: Betweenl0and400GHz, the cen-
ter pixel of the clump (takento be 10 x 10 arcmin) must
exceed2 x 10~° times/, cus in thesamepixel solid angle.

3 NFW Clumps

The NFW densityprofile, givenin eq.1, hasalower density
centralcuspwhencomparedwith a SIS clump. This makes
theNFW casesimpler:absorptiorof synchrotrorphotonsby
relativistic electronds unimportantande* pair annihilation
occurson a longertime scalethansynchrotrorradiation,so
it canbeignoredaswell. We alsongylectthepresencef ary
constantensitycore,asthisregionis in generatoosmallto
be detected.

In orderto derivethe NFW clumpsignatureit is sufficient
to evaluatethe integral for the flux obsened on Earth,from
aclumpatdistanced:

1 R
/ 4nr?j, dr °re
0

v = — —_—
4md? cm?sHz '’

(17)

usingeq.16. Becauser, is relatively large (~75 pc for a
108 Mg clump), NFW clumpswill often have obsenable
angularsizes.

The detectionof a NFW clump canbe madeby observ-
ing both the spectrumof the synchrotronemissionas well
as the detail angularprofile which is resohable for NFW
clumps.In figure 2, we plot the spectrunof a specificNFW
clump with mass10® M., locatedat Galactocentricoordi-
nateg-4,0,0] kpc (the Sunis at[-8.5,0,0]),andwith the fol-
lowing baseproperties: (cv)yy = 3 x 1072 ¢cm?/s and
my, = 100 GeV. Thethick line givesthis clump’s spectrum
from its centralpixel, andthethin solid line shovsthe CMB
anisotropieqtakenas 2 x IO‘SII,,CMB) in the samepixel
solid angle.The otherlines show the effect of modifying the
massof the clump by a factor of 10 (dashedine), increas-
ing the crosssectionby a factor of 100 (dottedline), and
changingthe neutralinomassby a factor of 10 (dot-dashed
line) or a factor of 100 (dot-dot-dashedine). Onecansee
that raisingm,, resultsin a highercutoff frequeny, sothat
if a bright enoughannihilating neutralinoclump were ob-
sened, its spectralcutoff wouldimmediatelyreveal m,,. On
the otherhand,changego M., and{ov),y aredegenerate,
sosomeothermeands necessaryo distinguishbetweerthe
two, suchas gravitational lensing,or dynamicaleffects on
nearbystars.
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Fig. 2. Spectrumof synchrotronemissionfrom an exampleNFW
clump,comparedvith the CMB anisotropiegthin line) in thesame
solid angleasthe clump. This clumpis chosento lie at Galacto-
centriccoordinateg-4,0,0] kpc, 4.5 kpc awvay from us. The heavy
solid line is the basecase,where M, = 10° Mg, (ov)yx =
3 x 107° cm® /s, andm,, = 100 GeV. Thedashedine increases
M., by 10times;thedottedline increasegsv), 5 by 100times;the
dot-dashedine increasesn, by 10 times;the dot-dot-dashedine
increasesn, by 100times.

We have createdseveral simulationsof a clumpyhalo. In
each thelower cutoff ontheclumpmass M min, is aspec-
ified parameter Table 1 presentghe major resultsfor each
of six halorealizationswith M i, = 107 Mg, , for which
3972clumpsweregeneratedptaling~ few 10! M. These
halo simulationsall employbasecaseattributes((cv),; =
3 x 107%° em?®/s andm, = 100 GeV).

We find thatbetweer?50and 300 clumpswill be observ-
ablein this halo, above the CMB anisotropiesetweenl0
and400 GHz asdescribedn section2.3. Noneof the NFW
clumpsis bright enoughto outshinethe CMB radiationit-
self; only the CMB fluctuationsare exceeded. The NFW
clumpsin theserealizationsoccupyslightly lessthan0.1%
of thefull sky’s solid angle(assuminga minimum pixel size
of 10 x 10 arcmin),andtypically several clumpsarewithin
3 kpc of the Earth. (Much of this informationin table 1 is

NFW 1 2 3 4 5 6
obsenable 282 264 289 261 296 265
outshineCMB 0 0 0 0 0 0
> 30° 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,
eachsetwith Ma min = 107 Mg, yielding 3972 clumps. The
following information on observable clumpsis given: numberof

them,numberwhich outshinethe CMB (ratherthanjust the CMB

anisotropies)numberabove 30° or belov —30° Galacticlatitude,
numberwithin 3 kpc of Earth, andthe percentagef the sky the
clumpsoccupy
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Fig. 3. A simulatedsky of obsenable NFW dark matterclumps.
Eachcrossindicatesa clump, obsenable by the criteria laid out
in section2.3. The size of the crossindicatesthe angularsize of
the clump suchthathalf its light originatesinside the areashown.
Angularsizesareexaggeratedby afactorof 10.

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

Of thefew hundredobsenableclumps,between~ 50 and
75 will resideabore 30° or belov —30° Galacticlatitude,
whereGalacticmicrowave contaminationis not problematic.
The locationsof all the clumpsin the sky are depictedfor
halorealizationl in figure 3, with crossesndicatingthe an-
gular size of the clumpssuchthat half of their total emis-
sion comesfrom insidethatarea. This half-light anglecor-
respondso a half-light radius,which we will call R, 5, that
equals0.267. for an NFW clump. For clarity, the angular
sizesin thefigure areexaggeratedy afactorof 10.

A histogramof the numberof clumpsvs. angularsizeis
givenin figure4. Thefigure shavs resultsfor all 6 haloreal-
izationsdiscussedofar, plussereralothercaseorrespond-
ing to modified parameters\fci min, (ov)yy, andm,; we
modify thesein orderto cover someof the possiblehalosand
someof thesupersymmetriparametespaceavailableto the
neutralino. In eachcase,~ 100 clumpsareresohable,un-
lessm, is diminishedby ~ 100timeswhichis too smallfor
ary reasonablaeutralinomodel. Interestingly if the clump
massspectrumextendsbelov 107 M, (in which casethere
are 23,830clumpsstill totaling~ few x 10 My), or if
(ov)yx Is significantly strongerthan assumedmary more
clumpscanbefound. A angularcorrelationfunctionfor this
caseis studiedin Aloisio etal. (2002b).

4 SISClumps

The SIS densityprofile wasgivenin eq.2. The steepcusp
divergesatthe centerandmakest necessaryo define Ry,
the radiusinsidewhich neutralinoannihilationsareso rapid
that n, (r < Rmin) = ny(Rmin) remainsconstant. Rmin
is found by settingthe cusp-formingtimescaleequalto the
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x x annihilationtimescalgBerezinsk, Gurersich, andZybin,
1992),sothat

% Mhalo
Rmin == Rcl <UU>X>Z |:47TGm :| s (18)
X

whereny,), is the halo DM densityat the location of the
clump.

In theabsencef otherinteractionspnewouldintegratej,,
from eq. 16 over the volumeof the clump, andfind thatthe
dominantpart of the flux comesfrom the vicinity of Ry,
However, due to the high density at the centerof an SIS
clump, thereare otherimportantfactorsto include. We dis-
cusseachfactorin turn:

4.1 RelevantInteractions

(1) Inverse Compton scattering of electronsand positrons
againsthe synchrotrorphotonscreatedy the electronsand
positronsis the mostimportantcorrectionto the electron-
positrondistribution in spaceand enegy. To seethis, we
write the ICS power as (Rybicki andLightman,1979)

dFE;s 4
= —orcf’y* Upn , (19)

dt 3
whereor = 6.65 x 1025 cm? is the Thomsorcrosssection
(whichis appropriaten thelimit hv < m.c?), 8 ~ 1, and
Upn i1s theenepy densityin the photonfield.

The photon populationwith the greatestenegy density
controlstherateof ICS. For the CMB,

Ucmb = aTC4

mb

(20)

wherea = 7.56x 10" ergem 3 K~* andT,, = 2.728 K.
At theinnercoresof the SIS clumps,we find thatthe synch-
rotron photonpopulationdominateghe photonenegy den-
sity suchthatUpn ~ Usyn > Uemp. Thesynchrotrorenegy
density at distancer from the clump centercan be calcu-
latedasthe integral of the emissvity alongall linesof sight,
s(r), from r to all otherpointsin the clump. The enegy
and spacedependenceén the equilibrium density of elec-
tronsandpositronscanbe factorizedasdn.(F.,r)/dFE. x
oo(r)®(F), following from a similar factorizationin thein-
jectionfunctionq(FE., r). Thisleadsto

Usyn (1) BQmiI(r) (21)
where

1 1 Smax
I(r) = 3 /_1 dcosﬁ/o oo(r(s))ds , (22)

andsmax = rcosfl + ((rcosf)? + R? — 7‘2)1/2. After some
algebraicstepswe find that
oo(r) o< r=P /I(r), (23)
whereg is theslopeof theradialdependencin theinjection
function (s = 4 for isothermalkclumpsoutsidethe minimum
radius). The detailedequationis then solved iteratively in
orderto calculatethe equilibrium electronpositronfunction,
which gives

dn.(E.,r)

) x Ee—5/2r—5/2’

(24)

for anisothermalclump. Note thatin the mostgeneralcase
thatwe considerechumerically theequatiorto solveis anin-

tegral equatiorsincethefunction /() containgheunknovn

equilibriumdistribution.

Thisholdswherever electrorlossesarefastesby ICS against
thesynchrotrorphotonfield. In thecaseof lossedeingdom-
inatedby synchrotrorradiationandICS againsthe CMB in-
steadthelossmechanisnis independentf », anddn./ F. o
E;S/Qr—‘*. Sincethe two forms of electronlosseshave dif-
ferentpowerlaws in r (andthesamepowerlaw in E.), there
is a transitionradius Rics syn (Which is independendf E.)
betweerthetwo behaiors.

(2) Pair annihilation between:~ ande* particleswould
have an importantrole in determiningthe flux from a DM
sourcein theabsencef the ICS describedhbore. But in the
presencef ICS losses pair annihilationmakesdlittle differ-
enceto the resultingradio flux. Pair annihilationis still im-
portant,becausé& reduceshepopulationof thelowerenegy
pairs, which would otherwiseupscattemphotonsfrequently
enoughto affectthe synchrotrorspectrum.

We canestimatethe ¢* lifetime for the casewhereelec-
tronsannihilatebeforethey loseasignificantfractionof their
original enegy via synchrotroror ICS as

1

(Ne=0extv,-)

(25)

Tet+t =



with v, ~ ¢, andthe anglebracketsindicating an average
over E.-. (Thisis equallyvalid if we interchangeall the
plusandminussigns,but we will keeptrackof signsin order
to distinguishbetweerparticlesandantiparticles.)

With eq.(12), we have
dne"’ Qe+
dEer  (Ne-0ozvo- )’ (26)
The termin anglebracketsis computedfrom the equations
in Svennson(1982) (also consistentwith CoppiandBland-
ford (1990)). (n.-o.+v.-) canbe expressedasan enegy
integral which dependson the e* distribution that we are
trying to determine.Again, we find the solutionto this non-
linearequationvia numericaliterations.

Neglecting a slow varying logarithmin the annihilation
crosssection, one finds that n.- is roughly constantand
(Oetve-) x E;}. Thatis, a given positronof ary enegy
seesessentiallythe samedistribution of target electrons so
to a first approximation,it is sufficient to replacethe elec-
tron distribution with a single populationat enegy .- ~
mec?. By thatrationale,r,+ ~ E.+. At low enegieswhere
dN,/dE, ~ EZ3/?, thismeanghatdn,/dE, ~ E~1/? and
n. ~ E'/? (wherethesubscript refersto eitheranelectron
or apositron).

The distribution in spaceratherthanenegy, is easiero
determine. In orderto satisfy eq. (26) with the injection
¢ o r~* setby the isothermalDM profile, we musthave
dn./dE. o« r~2. Thenfor a region whosee® lossesare
fastesty pair annihilation,we have

dn
dEZ x Ee_l/2r_2 .
We define Rann ics as the transition radius betweenthe
7~ pair annihilationdistribution andthe »=5/2 ICS distri-
bution. If Rannics > Rmin, pair annihilationdominateshe
centralregion over ICS. In our halo and for most choices
of m, Rannics < Rmin fOr electronsradiatingat frequen-
ciesof interest. The distribution flattensat the centerbefore
the densitycangethigh enoughto createa pair annihilation
dominatedegion. At lowerfrequenciespairannihilationbe-
comesimportantandlimits the numberof low enegy pairs
which becomeunableto effect the synchrotrorspectrum.
(3) Synchrotron self absorption (SSA) occurswhen the
electronsn the magneticfield canabsorbthe enegy of the
synchrotrorphotons. The perunit-lengthabsorptioncoefi-
cientfor SSAcanbewrittenas:

_ c? dEgyn [ 0 (1dn,
T8 dt [31/ <1/ dv )] 7
wherethe photonfrequeng is relatedto the electronenegy
viavmq- SSAabsorbersf aparticularphotonareelectrons
of similar enegy to the original synchrotronemitterwhich
madethe photon.As such,SSAis only effective belov some
Verit, Wherethecorrespondinglectronsaremorenumerous.

Thesourcegunctionfor anabsorbingourcds S, = j, /a,,
andthe opticaldepthis

Tl,:/al,dz,

(27)

(28)

(29)
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Fig. 5. Radialflux profile for an example SIS clump, integrated
alongtheline of sightthroughtheclump. This plot givestherelative
intensitiesfound by pointing toward different partsof the clump,
givensufficientangularesolution.Thesolidline is for 10 GHzand
thedashedine is for 100GHz.

where: is aline-of-sightcoordinate.The flux densityfrom
sucha sourceat distanced from the Earthis obtainedby
summingover eachline of sightthroughthe DM clump:

1

erg
I, =
47d?

cm2sHz

Rei

/ 27bS, (1 —e™ ™) db (30)
0

The SSAcutoff frequeng v..;; dependsn partontheab-
sorberdensity and without ICS or e* pair annihilationef-
fects, SSA would be the mostimportantcorrectionto the
calculatedflux. SSA hasbeenincludedin the calculations
performedhere,but sincethe centralabsorbepopulationis
diminishedby ICS, it is of secondarymportance.

4.2 Results

The synchrotronspectrumof DM clumpsis predominantly
alteredby ICS off synchrotronphotons. Figure5 shows an
exampleof a SIS clumpprofile thatshavs the flattenedcen-
tral region. A characteristicsize for the clump, R, /5, can
be definedby theradiusinsidewhich half of the synchrotron
radiationoriginates.

Figure6 shavsthespectrurmof synchrotroremissiorfrom
a SIS clumpin the samepositionasthe NFW clump of fig-
ure2. Thethick solidline givesthebasecase M., = 108 Mg,
(ov)yg = 3 X 10729 cm3/s, andm, = 100 GeV. The
dashedine increasesM by 10; the dottedline increases
(ov)y ¢ by 100times;the dot-dashedine increasesn, by
10times;thedot-dot-dashetine increasesn,, by 100times.
Thethin solid line givestheintensityof the CMB within the
10 x 10 arcminpixel, for comparison.

In orderto comparethe SIS with the NFW clumps, we
usedthe samehalosimulationsasin the NFW case:realiza-
tions1 — 6 with 3972clumps(Mci min = 107 M), andan-
otherrealizationwith 23,830clumps(Mci min = 105 Mg),
all with ~ few x 10! M, total. For atypical clumpmassof



s
5

)

— CMB level
. — base case
E-m L ——- M, x10

T (ov),. x100
XX
N -- m x10

=
ov
5
T

W
®

THZY
)

AULBEERILL BRI B e

N . n&xlOO

-2

flux density (erg cm' s

N
N

|
)
N

!
r\)
P

| | VTR

-24 | LA
10° 10" 10° 10" 10° 10°
frequency (GHz)

i
o
[

Fig. 6. Spectrumof synchrotronemissionfrom an example SIS
clumpchoserto lie at Galactocentricoordinateg-4,0,0] kpc. The
thick solid line givesthe basecase,M, = 10® Mg, (ov)yx =
3 x 107%* ¢cm® /s, andm,, = 100 GeV. Thedashedine increases
M. by 10times;thedottedline increasegov)x by 100times;the
dot-dashedine increasesn, by 10 times;the dot-dot-dashedine
increasesn, by 100times. Thethin solid line givesthe intensity
of the CMB within the10 x 10 arcminpixel, for comparison.

10® M, a SIS clump canoutshinea NFW clump by about
10° timesin the microwave.

Thevisible SIS clumpsfor halorealizationl areshavn in
figure 7, herewith angularsizesbasedon R, exaggerated
by afactorof 5,000(noneof theseclumpsis resohablewith-
outinterferometry).In table2, welist someresultsof the SIS
case First,wefind thatSISclumps(in anNFW halo)tendto
produces00 — 700 obserablesourceswhichis afew times
more thanthe NFW clump case(comparetables1 and 2).
The combinedsourcesoccupyonly slightly lesssolid angle
thanwith NFW, mostly dueto the smallangularsizeof SIS
clumps.But unlike the NFW case ~20% of the SIS clumps
not only outshinethe CMB anisotropiesbut outshinethe
CMB altogetherA similar percentag®ef obsenableclumps
is locatedoutsidethe direction of the Galacticdisk. Finally,
thetablegivessereralobsenableclumpswithin 3 kpc of the
Earth,which canberesohed(asin figure5) by longbaseline
interferometers.

Table 3 givesa comparisonof the NFW and SIS clump
profiles, by reportingthe numberof obsenable clumpsin
eachcasewhile alsovaryingm,,, (ov)y g, Of Mc min. The
resultsshawv thatchangingheseparameterhasdifferentout-
comesfor NFW andSIS. For example,increasingm,, by a
factorof 100lowersthe spectrumfor mostrelevantr bands
(seefigure 2); therefore NFW clumpsgetdimmerandfewer
areseen.Ontheotherhand theSISclumpsarebrightenough
to avoid thatworry, andtheincreasen m, alsoincreaseshe
maximumelectronenegy. This allows strongsourcesven
in weakmagnetidieldsvia egs.13 and14, raisingthe num-
berof obsenableclumps.

As anotherexample,changing(ov),y haslittle effecton
SIS clumps, becausdhey have an overdensityof electrons
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Fig. 7. A simulatedsky of obsenableSISdarkmatterclumps.Each
markindicatesaclump,obsenableby thecriterialaid outin section
2.3. Thesize of the crossindicatesthe angularsize of the clump
suchthat half its light originatesinsidethe areashavn. Angular
sizesareexaggeratedby afactorof 5000.

and positronsemitting aryway. But for NFW, where the
clumpsaretypically nearthe CMB anisotropylevel, chang-
ing the y x crosssectionaffectsthefluxessignificantly Both
NFW andSIS casesseesimilar growth in the numberof ob-
senable clumpswhenthe clump massspectrunis extended
downward.

5 Conclusion

In this paper we studiedthe synchrotronsignatureof neut-
ralino annihilationin the presencef the Galacticmagnetic
field. If hierarchicalCDM clusteringextendsdown to mass
scalessmallerthandwarf galaxiestheseDM clumpsarede-
tectablein microwavesover thefluctuationsin the CMB.

If the clumpshave nearly NFW profileslike the Galaxy
thenthe clumpshave finite angularsizes.NFW clumpshave

SIS 1 2 3 4 5 6
obsenable 636 632 676 656 682 616
outshineCMB 54 34 38 37 37 40
> 30° latitude | 130 155 144 129 140 135
within 3 kpc 9 8 2 5 5 7
resohable 212 184 209 190 210 201

resohe > 30° 48 53 51 49 54 59
% of sky 0.04 0.04 005 0.04 0.05 0.04

Table 2. Someresultsfor SIS clumpsin six halo realizations,
eachsetwith M min = 107 Mg, yielding 3972 clumps. The
following information on observable clumpsis given: numberof
them, numberwhich outshinethe CMB (ratherthanjust the CMB
anisotropies)numberabove 30° (or belov —30°) Galacticlatitude,
numberwithin 3 kpc of Earth,numberresohableby 10 km interfer
ometrysuchastheVLA, numbemresohableby theVLA above 30°
Galacticlatitude,andthe percentagef the sky the clumpsoccupy



case NFW SIS
basecase 282 636
{ov)yxx x 100 | 528 671
my x 10 284 1126
m, x 100 66 917
Mcl,min x 0.1 1078 3503

Table3. Comparisorof NFW andSISclumps.Thebasecaserefers
to my = 100 GeV, {ov)yx = 3 x 1072° cm® /s, and M1 min =
107 Mg. The othercasesnodify theseparametersisstated. The
lastrow of thetable usesa differenthalorealizationthanthe other
rows.

synchrotrorspectrumfrom non-thermaklectronswith neg-
ligible ICS and self-absortion. NFW clumpswill be large
enoughandnumerousnoughthat several shouldbe resolv-
ablein angularprofile by CMB anisotropyexperimentsThe
light profile will follow ~' insidea coreradius. The statis-
tics of theclumpsdistributionshouldbeconsisteng with fig-
ure4 andtablel.

SIS clumpsarebrighterandsmallerin angularsize. The
clumpshave a distinctive spectrumdueto a combinationof
ICSandpairannihilationfeaturesin aparticularradialstruc-
ture. Thespectruncanbecheckedtlowerfrequencieslso,
becauseheseclumpsarevery brightandmayoutshineother
radiobackgroundsA few clumpsshouldbe closeenougho
displaya distinctive radialprofile by interferometrioneans.

In either case,one should makeuseof CMB anisotropy
studiesto searchfor neutralinoannihilationin DM clumps.
Mary clumpsshouldhave signalabove 2 x 10~° timesthe
2.728K Planckfunction. The sourcesareusuallysmalland
occupyasmallfractionof thesky, sothatafull sky highres-
olution microwave suney maybenecessaryThe upcoming
MAP andPlanckmissionswill providethat. Evenin smaller
datasetssuchastheBOOMERANG,MAXIMA, andDASI,
it is possiblethatclumpscanbedetected.

Uponfinding synchrotrorsourceclumpsor hot pixels,one
final checkcanprove their DM nature.The gammaray and
neutrino emissionfrom them must fit the expectedlevels,
and must be independentf positionin the Galaxy unlike
the synchrotronwhich follows the Galaxy’s magneticfield.
This combinationof signaturesmakesthe sourcesunique,
andaidsin extractingspecificinformationaboutthem: M,
My, and{ov)y .

Oneinterestingoointto noteis thatfor reasonablehoices
of theappropriatgparametersyefind thatseveralhundrecbr
moreclumpsaretypically obsenablein eitherprofile. If new
CMB experimentsfail to detectthem,thenwe have learned
thateitherneutralinosarenot the dark matter or CDM halo
clumpsdo not exist. However, if they arefound, they offer
avaluableopportunityto learnmoreaboutCDM clustering,
neutralinopropertiedike massandcrosssection,andpossi-
bly the Galacticmagnetidield structure.
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