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Diffuse inverse Compton and synchrotron emission from dark matter annihilations
in galactic satellites
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Annihilating dark matter particles produce roughly as much power in electrons and positrons as in gamma
ray photons. The charged particles lose essentially all of their energy to inverse Compton and synchrotron
processes in the galactic environment. We discuss the diffuse signature of dark matter annihilations in satellites
of the Milky Way (which may be optically dark with few or no starproviding a tail of emission trailing the
satellite in its orbit. Inverse Compton processes provide x rays and gamma rays, and synchrotron emission at
radio wavelengths might be seen. We discuss the possibility of detecting these signals with current and future
observations, in particular EGRET and GLAST for the gamma rays.
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[. INTRODUCTION particles. We will show that the inverse Compton emission,
extended over a large area from the charged particle annihi-
It is almost universally accepted that most of the matter idation products may be observable for some models of par-
the universe is nonbaryonic. This dark matter is the chieficle dark matter and of galactic satellites.
constituent of gravitationally bound objects from dwarf gal-
axy scales and larger. Identifying the nature of dark matter is
one of the most important problems in astrophysics, cosmol-
0gy; a?]d par;t]icltta) physics. g didate f d dark A. Particle physics model
Perhaps the best motivated candidate for cold dark matter - .
is the Iig?}test of the so-called neutralinos arising in super- In the minimal supersymmetric standard mo(ASSM)

' . the lightest of the superpartnefsSP) is often the lightest
tsggnrsnp?rt]r_ltlz /gxlt/?z:j??;nsat?eﬁrr]neioitagc()jl?r:?errgg?gI ;htisee r‘]':Ierﬁtrageutralino. The latter is a superposition of the superpartners
: f the neutral gauge and Higgs bosons,
gauge and Higgs bosons, and are expected to have masses at
the weak scaléof order 100 GeY. This scale is intriguing as 0= NyyB+ Ny W3+ NygH 0+ Ny Y. 1)
the relic density of a stable particle with this mass and cor-
responding cross section turns out to be of order the critical
density, as we observe the matter density to be today. AnWith R parity conserved, this lightest superpartner is stable.
stable particles with weak scale masses could thus naturalkyor significant regions of the MSSM parameter space, the
account for the dark matter. In this paper, we will focus onrelic density of the stable neutralino is of the ordé;(h2
supersymmetry, but our conclusions are fairly generic to dark-0.1, thus constituting an importafend perhaps exclusiye
matter candidates at the TeV scale. part of the cold dark matter. Note th€, is the neutralino
We outline a new signature of annihilating dark matter indensity in units of the critical density arfulis the present
satellites of the Milky Way galaxy. Prospects for detectingHubble constant in units of 100 km $ Mpc™*. Current ob-
h|gh energy photons as dark matter annihilation products§ervati0n5, included those of the WMAP satellite and the
primarily from the #° decays that are generic to hadroniza- Sloan Digital Sky Surveywe take the WMAP valugsfavor
tion processes, have been discussed for many yéarsa h=0.717303 and a matter densitf2yh?=0.135"5.005, of
sample see Ref2]). Necessarily coming with these photons which baryons contribute a small amouf¥gh?=0.0224
are high energy electrons and positrons from the analogous 0.0009(5,6]. If we assume that neutralinos are the only
7= decay chains. Charged particles suffer complicated moeonstituent of matterneutrinos are a small contribution,
tions in the galactic magnetic field, and furthermore they los& ,h?<0.0076), we can then infe@ ,h?=0.113"3355. We
energy to synchrotron and inverse Compton processesvill apply a generous @& constraint on the relic abundance
Searching for the synchrotron emission from the galactidrom the WMAP data as follows: O.OSGQXh2<O.137.
center[3] and from galactic satellitdgl] has been discussed Using theDARKSUSY code[7], we have explored the su-
previously, though neglecting the diffusion of the chargedpersymmetric parameter space in both a phenomenological
MSSM[8-15 and in minimal supergravitjusing thelSAJET
code[16]). Each model is subjected to current accelerator
*Electronic address: eabaltz@slac.stanford.edu constraints on masses of superpartners and Higgs bosons
"Electronic address: wai@slac.stanford.edu [17,18 and on theb— sy branching ratid 19]. Crucial for
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studies of dark matter, the relic abundance of neutralinos 10" T
ete” ——— m, = 161 GeV
T e <ov>,, = 0.092

Qxh2 is calculated based on Ref$,15,20.

B. Photon and electron spectra of annihilations

The only detailed information about models we require
for this study(apart from the relic density constrains the
annihilation cross section at nonrelativistic velocities )
(accounting for the factor of 2 due to identical particles in the
initial state and the spectrum of annihilation products, in
particular the photons, electrons and positrons. The photons
are primarily from then® decays associated with hadronic
final states. Ther® spectrum has a very characteristic form.
When plottingdn/dE(annihilation * GeV 1) vs logE, the
spectrum is almost exactly symmetric aboun_o/2
=67.5 MeV due to the fact that in the® rest frame the
decay into two monochromatic photons is isotropic. The }
symmetry would be exact but for subdominant decay modes. g~z Llml v vl 0ol vl sl
Thus, EAVdE should be rising linearly at this energy, 10-* 1072 1077 10° 101 102
though we will continue to refer to the turnover in the energy (GeV)
spectrum. The lepton spectrum comes from the analogous T
7= decays, and more directly from massive gauge boson 101 L ete” m, = 1000 GeV
decays. In Fig. 1 we illustrate two models in the generic
MSSM, one with a typical featureless spectrum of annihila-
tion products, and the other clearly exhibiting the feature
from W= decays.

100

10

E dn/dE (annihilation=1)
T LI III

Y e <gv>,, = 0.171

Ill. CHARGED PARTICLE PROPAGATION AND DIFFUSE 10°

EMISSION

The calculation of the diffuse emission from the annihila-
tions proceeds in several steps. First, the time dependent den-
sity of charged particles is determined according to a diffu-
sion model. The charged patrticles are trapped by the galactic
magnetic field, which extends for several kpc from the stellar
disk. Here we stress that we are concerned only with those
galactic satellites that are current{pr in the recent pagt
within this “diffusion zone.” A time dependent treatment is
necessary because a satellite moving with the typical galactic
velocity of 300 km §* crosses the diffusion zone in roughly
one diffusion time: both timescales are of order tens of mil-  FIG. 1. Spectra of photons and leptons from annihilations in two
lions of years. The second step in the calculation is to calcueharacteristic models. The solid curves depict the combined elec-
late the column density of particles along various lines oftron and positron spectra, and the dotted curves show the photon
sight, as a function of particle energy. Last, the inversespectra. Both of these models have acceptable valugslof. The
Compton and synchrotron spectra can be calculated from thmodel on the top has an appreciable Higgsino fraction, and thus
particle spectrum under some assumptions about the galactenihilates efficiently intaV pairs. The direct decay&/* —e™ v are
magnetic field and radiation fields. responsible for the shelf in the lepton spectrum at energies right
below maximum. The model on the bottom is a fairly pure gaugino,
thus the final state is nearly alwagﬁ and the spectrum is feature-
less.

The propagation of charged particles in the tangled galac-
tic magnetic field can be modeled as diffusion. Electrons anéissumption that the charged particle velocity distribution is
positrons lose energy rapidly to synchrotron radiation, andocally isotropic, namely that the particles “stick” to the ga-
also to inverse Compton scattering on the cosmic microwavéactic magnetic field, and that the velocity distribution con-
background(CMB) and on starlight. We will use the diffu- tains no record of the initial conditions. This is important as
sion model of Ref.[14]. More sophisticated models are we consider source@atellite halosthat move a significant
available, e.g. the semianalytic treatment of R21] and the  distance in a diffusion time. If the velocity distribution was
fully numerical GALPROP mode[22], but our model is isotropic in the satellite framéas could be the case if the
simple to implement, yielding quantitatively similar results, satellite had a significant magnetic field of its gywour re-
and affords an intuitive understanding. We will make thesults would be different.

E dn/dE (annihilation=1)

101
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A. Diffusion model

023512-2



DIFFUSE INVERSE COMPTON AND SYNCHROTRON . .. PHYSICAL REVIEW 0, 023512 (2004

The time dependent diffusion-loss equation in homogetime and energy propagate in lockstep, yielding the free-
neous space for the density of charged particles as a functispace Green function
of energydn/dE is the following:

Eo’T

: ( 2 dn) Q@ Gfre:urD—Z)?”Ze‘“Z’Dza(At—rAu>, ©)

dn 1
= 24— _
KV GE " E,7 78| E dE

where K(E) =K,3“[1+(E/3 GeV)] is the energy depen- (efining the effective diffusion lengthD?=4K,rAv

dent diffusion constant, witho=3x 10" sz_ s+ and & =(3.550 kpcfAv. This scale indicates that particles travel
=0.6. Energy loss due to any electromagnetic process whe@ﬂy a few kpc before losing most of their energg
the exchanged energy is much less thage? scales aE?, 1)

and is proportional to the energy density in photdos The galactic magnetic field has a limited extent, which
equivalently magnetlc_fle)dWe cpns_lder synchrotron Igsses can be modeled simply by defining a diffusion zone at the
dues to a 3uG galactic magnetic field (0.2 eV cm), in-  poundary of which particles freely escape. Diffusion models
verse Compton losses from the CMB (0.3 eVciy and  ypically require that the height of the diffusion zone is larger
inverse Compton losses due to starlight (0.6 eV &1{23].  thanL.=3 kpc from the disk on both sides, and the radius is
We thus setdE/dt=E?/(Eg7), with Eo=1 GeV, and7 gt |east 20 kpc, and probably larger. For example the best
=10'°s. Last, Q is the source function. Solving instead forgal PROP modelg22] useL =4 kpc and a radius of 30
F=E? dn/dE, we find kpc. As the radial boundary is far from the Earth, we can
safely neglect it in considering satellites within 10 kpc of us.
19 KE_, 1 4 F=/F= 5  Wethus model the diffusion zone as an infinite slab of thick-
E2dt  E2 Eor JE =LF=Q. ©®  ness 2, and we takeL =3 kpc. We impose the boundary
conditions that the density vanish &t £L, which can be
We can calculate the Green function for this operator simplyeffected by a series of image charges at positigrsx, y,

> > — —( n
by 4-dimensional Fourier transform -k andt— o, =Y, zp=(=1)"z+2Ln,

LG=8%(x—x")8(t—t")S(E—E’) 0 L. e .
Ga(xx)= 2 (~1)"CpedXXp). (10
L +K(E)k? G
- EZ[ lotK(E)K] Eq7 JE The density of charged particles is now derived,
= 1 ei(wt’+l2.)2’)5(E_Er). (5) F—Ezﬁ—f dz)z/fL dz,ft dt,foch,
(2m)* - dE JRe -L —w E
We should note that the Green function vanishestfort X Gy (x,X',t,t',E,ENQ(X',t',E). (11

and for E' <E because time increases monotonically, and
energy decreases monotonically. This equation is easily

solved forE£E’: B. Diffuse emission: Total power
o , . For diffuse emission we are interested not in the local
G=Ge'leru=u) Kok (v=v1)] (6)  density of particles, but in the column depth of particles,
with u=Ey/E and v =3%u+u’"9/(1— «). Hereafter we Egd_UZ f "y Ezﬂ (12)
will denote the differenceX— X' =AX for some variableX. dE dE’

We now apply a jump condition to fi%,: for E>E’, G
=0. The condition is Placing the observer at the origin, at an anglérom the
galactic plane and an angte from the liney=0, we find

1 - 1. 1 e that for a distancé from the observer,
__AG:_GO: el(wt +k-x") (7)
Eor Eor (2m)* '
x=+{ c0SS cosa, (13
and we thus derive the Fourier transform of the Green func-
tion, y=+{ cosdsina, (14
~ EOT B ! Low! 2
G= _el[w(TAU+t ) +k-x"=Kg7k Au]_ (8) 7=4¢sins. (15)
(2m)*

Inverting the transform, we find the expected behavior thaFor simplicity we definex=x/¢. The integral inf can be
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applied directly to the free Green function, yielding the col-The effective positionw=X—VrAu, andw, ,=(—1)"(Z

umn depth at coordinatesy(s) due to a source at’ (and —V,7Au)+2Ln. We recover the steady-state solution by
we truncate at the edge of the diffusion zon€ma  takingV=0, indicating a source that has been at location
=L/|sind)), for all time.
. We observe that looking at lower energies implies looking
Ggee:J maxdforee bapk in time, to when th_e source was in a d_|fferent ppsmon.
This leads to the formation of a “wake” of diffuse emission
A extending from the current position of the soutedich will
_Bom e[(i»i')Zi'Z]/DZ{erf( max— X=X ) be a bright, concentrated source of gammayayshe direc-
27D? D tion it came from. The spatial signature is not unlike a comet,

with a bright “nucleus” of gamma rays from the® decays,
and an extended tail of diffuse emission.

The energy loss time represents all energy loss mecha-
nisms: inverse Compton scattering from both the CMB and
The Green function satisfying the boundary conditions isstarlight, and synchrotron emission. The total power emitted
now simply in any one of these is inversely proportional to the time scale
for the individual processr,~27, 7Tcug~47, and Tgyc
~4r. Integrating in energy,

!

—erf( D ”5(At—7-Au). (16)

0

Gy (a,6X)= 2 (—1)"Gfeda,8X,),  (17)

n=-—ow

and the column density of charged particles is

297 f dz*'de ’ft dt’fwdE’
—= X z
dE JRr? L —o E

X G (a,8,X' 1,1/ E,ENQ(X' t',E’). (18

S deEZdG 22
x_4’7TEo7'X d_E, ( )

and we note this has units power per area per solid angle. In

We consider a toy model for dark matter clump undergo_Fig. 2 we illustrate contours of the total power in diffuse
ing annihilations. Assuming a very cuspy profile, most anni_emission for several geometries of satellites. Finally, we note
hilations will occur very close to the center, and we canthat the density of charged particles at the position of the

assume the clump is a point source. Taking the clump to be &&rth coming from the clump is typically unobservably
position )?=(X,Y,Z) today t=0), moving with constant small.
velocity V, we can write the source function as

C. Diffuse emission: Inverse Compton spectrum

N do

Q(x,t,E)=I‘E53(X—X—Vt), (19

For electrons of Lorentz factor=E/m, scattering from a
blackbody spectrum of photons withw=KkT, the photon
wherel is the annihilation rate in the clump, add/dE is  spectrum is given by the usual inverse Compton formula
the spectrum o™ per annihilation. The delta functions sim- [23], integrated over the blackbody spectrum
plify matters greatly, leaving only an integral in energy. The
charged particle densitfbothe™ ande™) at the Earth and

the column depth are given by 1dPx 9 xzf“d—y 21In(y/4)+1+4ly—yl2
Py dx 128(3) oY expxly)—1 '
dn o d Eol' 7 ) 23
EZEZJE dE’d_l(; (7'r|;2)3/2 NS (~1re ™ ~
X O(L—|w,|), (20
with x=v/(v77?). It is easy to show that this expression
do (» _ d¢ E,7 integrates to unity. This formula is inherently nonrelativistic,
Ezﬁzf — 5 implying that yhvr<mgc2. For the CMB, this is easily sat-
E dE' 27D isfied, ashv1=0.2348 meV for a 2.725-K blackbody spec-
% A - trum. For starlight, we assume a blackbody spectrum with
x S (—1)"eltwn)? w2 erf( M) T=3800 K [24], thus hyr=0.33 eV. The nonrelativistic
n=—o D condition is satisfied for electron energiEs<TeV. This is

true for most if not all of the annihilation products we will
B consider. We us@y=E?/(E,y) to find the spectrum from a
O(L—|wy|). (21) : S
single particle(in power per frequengy

f —X- W,
erfl —5
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FIG. 2. Total power in diffuse emission. The normalization is arbitrary; this figure is meant to illustrate the spatial extent of the signal.
The contours are separated by 0.25 decade in power. Four satellite geometries are illustrated, each with a velocity of 300Hen s

annihilation spectrum is that of the left panel of Fig. 1. In each case the current angular position is indicated with a cresaxighe

corresponds to the angt and they axis corresponds to the angie Note that in this coordinate system, the galactic center could be at any
longitude, &,y,z) = (8.5 c0s¢,8.5 sing,0) kpc, since the diffusion model assumes that the galaxy is an infinite homogeneous slab. Top left:

current clump positionx,y,z)=(8,0,1) kpc,f; =(0,5/13,12/13). In this case the clump has crossed more than half of the diffusion zone. Top
right: (x,y,z)=(12,0,4) kpc,{) =(1,—1,1)/{3. This illustrates the case where the clump has passed completely through the diffusion zone,
leaving behind a wake that will dissipate shortly. A hint of the edge of the diffusion zone can be discerned at4atiiideBottom left:
(x,y,2)=(8,0,2) kpc,fzz(O,l,—l)/\/E. In this case the clump has recently entered the diffusion zone, thus the wake has not had much
chance to form, and the diffuse flux drops very rapidly. Bottom righkty (z) =(8,2,0) kpc,ﬁz(O,lZ,—S)/lS. This final panel depicts a

clump moving nearly parallel to the galactic plane, thus the time spent inside the diffusion zone is relatively long, and the tail becomes more
extended.

— =~ X - . = _ | —_— =
dv  128(3) Egrxvr Jo Y exp(x/y)—1 dv  4mwEgryvr EiE Py dx v E2
(24) (25)

dPy 9 mZ  (4dy 2In(y/4) +1+4ly—y/2 dPy m2 J do 1dPx< vmg)

The spectrum from the full column of particles is then sim-
ply (in power per area per frequency Detecting a diffuse signal in gamma rays will necessarily
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=3
L

be hampered by at least the extragalactic background. The 10 grrorrrgvrrrrrg A B B I
EGRET satellite measured this to [25] = : 1 - t 3
v 105 b " - 1072 3
t Tk ]
do S 10-8 4 S0k -
E—-—=(3.30+:0.15 w w
dE Y W s ]
E 1077 ¢ = } 10 5
—1.10+0.03 o F N o 3 3
-6/ _ - -2 o1 ~1 N T T " ]
X 10 (0.451 Ge\) cm “ s sr-. 1078 D p 10~ =
log(E/GeV)
(26)
’T\ [T I g
» 10—+ L =
D. Diffuse emission: Synchrotron spectrum T £ F 3
. .. . .. 2 10-5 3 =
The total power in synchrotron radiation is similar to that 3 E
in inverse Compton emission in that both are proportional to 3 w 108k -
E2. The spectra are different however, % £
/ S 107 E E
1 dPgync 27\/§ fﬂ J'oo el il © 3 F
= X| dasina dyK , -4 -2 0 2
IDsync dx 327 0 x/sin a y SIS(y) log(v/GHz) log(E/GeV)

(27)

FIG. 3. Spectra of diffuse emission in inverse Compton and

, ) synchrotron radiation. The clump is located atx,\2)
and now x= V/(VB?’ )_' _ with  vg=3eB/(4mmcC) =(8,0,1) kpc, with a velocity of 300 km< in the v
=12.6 (B/3uG) Hz. This is just the usual synchrotron for- — g 5/13,12/13) direction, as in the top left panel of Fig. 2. The
mula, isotropically integrated over the angle the particle traannihilation spectrum is that of the left panel of Fig. 1. The line of
jectory makes with the magnetic field. It is again easy tosight illustrated trails the current location of the clump by 5° in the
show that this expression integrates to unity. The spectrum.; girection. The total annihilation rate is ¥0s. Top left: Spec-
from the full column of particles is then easily recoveredrym of inverse Compton emission from interactions with starlight,
from Eq.(25), replacing the ¢ P/dx)/P with the synchrotron  assuming an energy density of 0.6 eV chwith a 3800-K black-
formula, and replacingt with vg (and we takeB=3uG).  body spectrum. The dotted curve is the diffuse gamma ray back-
The chief diffuse background for this synchrotron signal isground. Top right: Inverse Compton on the CMB. Bottom left: Syn-
the CMB, which peaks at 160 GHz. At 1 GHz, the power ischrotron emission assuming a3 magnetic field. The dotted
2.09x 10* Jy sr 1. In Fig. 3 we plot the spectra of inverse curve is the CMB. Bottom right: Column depth of particles as a
Compton and synchrotron emission from a line of sight thafunction of energy, weighted by the energy loss rate. It is clear that
is 5° behind the current position of a clump. We will neglectmost of the diffuse power is radiated by relatively high energy
complications such as synchrotron self-absorption and syrparticles.
chrotron self-Compton processes as we calculate the photon

density to be much smaller than in previous treatmésts 2

a| a
due to the diffusion of the source electrons. p(r)=po T @i (28)
a+r
IV. GALACTIC HALO SUBSTRUCTURE These profiles can be normalized according to simulations,

Many authors have discussed the distribution of substruct-)ase<j on thg virial mass and r.ad|us, where the density is
roughly 340 times the cosmological densffgr the concor-

ture in galactic halos. There are two important issues relatin = 2 N P 3
to the detectability of annihilations in these structures, botf?’ance modelp=30Hy/8rG~1.4x10"" GeV cm ". The

their mass distribution and their density profile. Again Wer_elzef\s/gr':;tl p?{g{??\/ﬁer 'Sgti]e cg;cipt;qtﬁﬁ:rvi,/a, With 1y
stress that we are interested only in those satellites within the My ©)~ kpc [27], finding
diffusion zone. As the diffusion zone is fairly extended, there

should be a significant number of such satellites: even out to C~10 M| ~%9% 29
a radius of 30 kpc, the diffusion zone is roughly 15% of the Mg ’
total volume of the galactic halo.
po=340C(1+C)pc, (30)
A. Density profiles
3

We first discuss the density _profiles of the' satel[ite hqlos Mvir:4ﬂpo(ﬁ) In(1+C)— _ (31

that we hope to detect. Numerical N-body simulations find C 1+C

that structures at all scales diverge as a power law at small
radii. In particular, the popular Navarro-Frenk-Wh{dFW)  The specific annihilation ratéhe total rate, integrated over
profile [26] is given by the clump is then given by
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FIG. 4. Contours of integrated diffuse flux in four energy bands. The clump is locatedyaz)=(8,0,1) kpc, with a velocity of
300 km s in theo =(0,5/13,12/13) direction, as in the top left panel of Fig. 2. An annihilation sourcexdfod® s™! is assumed, with the
spectrum of the left panel of Fig. 1. Two sets of contours are plotted: the solid ones indicate the fraction of diffuse flux contained for 10%,
16%, 33%, 50%, 68%, and 95%, while the dotted ones are in units of photo’r?ss:’rh srl, separated by 0.5 decade in flux. The flux is
very asymmetric at low energy, becoming nearly round at the highest energies. This is due to the fact that the highest fluxes occur along lines
of sight through the effective clump positi(vfn=>2—\77-Au. Large energy loss corresponds to lathe, thus lines of sight considerably
trailing the current clump position are not disfavored for lower energy photons.

r _<O'U>po 1-(1+C)3 - (a)lS 1
My, 3m? In(1+C)—C/(1+C) p(1)=po| T (33
(ov)po
3m2 nc—1(c>D. (32 r H<m;>po In(a/rmin)l @

Mvir m2 InC
The Moore profile has a steeper central cusp with a divergent
total flux [28]. Thus a minimum radius,,, needs to be de- For cuspspxr ™~ steeper thamr=1.5, we find the behavior
fined to regularize. The profile is given by (with the proper limit asex—1.5)
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TABLE |. Detectability of diffuse inverse Compton emission in EGRET and GLAST. An annihilation
source of 4 10°® s™! is assumed, with the spectrum of the left panel of Fig. 1. The EGRET exposure is
assumed to be 2@n?s. For GLAST, we assume a 5 year mission, with a total exposure of 2.25
X 10" cn? s for energies above 1 GeV. In the energy bins below 1 GeV, we assume exposures of 50%
(0.3—-1 GeV, 25%(0.1-0.3 GeV, and 10%40.03—0.1 GeV of this value[32]. The size column indicates the
68% containment region. The signal/background column represents the total number of photons, inside the
68% containment region, compared with the extragalactic background. For a convincing detection, we re-
quire that the signal be an appreciable fraction of the background, as the anisotropies in the background are
in principle considerable. We of course also require a significant signal to noise ratio. Lastly, we require a
significant total number of photons. Based on these rough criteria, the detectability of the diffuse emission by
EGRET seems marginal, though GLAST should be able to detect it easily. If the annihilation rate were ten
times smaller, GLAST should be able to find the signal as well. Note that “3” in the energy bands means
V10, i.e. the energy bands cover 0.5 decade each.

Energy Sizg68% S/BG BG(EGRET) BG (GLAST) SIN(EGRET)  S/N(GLAST)
(GeV) (sn (counts (counts

0.03-0.1 0.078 0.551 250.0 5630 8.72 41.4
0.1-0.3 0.084 0.961 75.2 4230 8.33 62.5
0.3-1 0.093 1.447 23.6 2650 7.03 74.6
1-3 0.102 2.098 7.25 1630 5.65 84.8
3-10 0.102 3.209 2.06 463.0 4.60 69.0
10-30 0.076 5.322 0.43 97.1 3.49 52.4
30-100 0.042 8.019 0.07 15.1 2.08 31.2
100-300 0.021 6.562 0.01 2.10 0.63 9.50
I (ov)po (lfmn?®3—1 In supersymmetric modelégv )7/ Mg, <102 The Moore

(35 profile has a logarithmically diverging flux, but the enhance-
ment factor is less than 40 if annihilations empty the central
cusp, and much less than that for other mechanisms. For

B. Mass distribution of subhalos example, if interactions with a central black hole sweep out

the central regior{of order 1 pg, the enhancement is less

%han 10. This may be the case for the full galactic halo, but

for dark clumps without stars, there may be no central black

)—a hole. Steeper profiles can in principle have much larger en-

My m2  (2a—3)InC

Simulations indicate that the mass distribution of subhalo
is a power law, given by

N ¢

(36 hancement factors, though with a cutoff of 1 pc, the enhance-
ment is less than of order 1000 even fo=2. In the next

. . . . . l
with a normalization that a few hundred clumps with massesS€ction, we will see that annihilation rates of order®19
larger than 18 M, are found in a halo like that of the Milky &€ needed for point sources to be confidently seen in diffuse

Way (and the sloper~2) [29]. This means that there will be emission, thuse=1.5 is probably required. Coincidentally,

at most a handful of clumps more massive that? 20, . At steeper profiles look more like point sources, so clumps with

M,,=10° M, the concentration i€~19. The speciinc an- high enough annihilation rates will be easy to model from
viIr ’ .

nihilation rate for a clump is easily determined, using this perspective. However, the NFW profile is not too far
from detectability for a 18, clump, if the annihilation

Mvir

(ov)pc/M?=5X10%4((ov)/10 2" cm® s™ 1) cross section is the maximum allowed. Some clumping of
the halo might tip the balance and make even this profile a
X (m/GeV) Mgt st candidate for detection in inverse Compton emission. Here

we note that the effect that clumpiness in galactic halos has
Using po~340,C? for any of these halo models, we can on dark matter detection has been discussed at length, e.g.
find a simple expression for the total annihilation rate in aRef.[30].
“large” clump, defined aM ;= 10° Mo, r,;;=26 kpc(and

a=1.4 kpc): V. UNIDENTIFIED EGRET SOURCES
(ov)97 The EGRET gamma ray survey discovered a large num-
_ 9 —1
I'npw=0.7X10° m2 S5 37D per of point sources, a large fraction of which remain uni-
Gev dentified[31]. These sources typically have fluxes of order
(alt min)?¢ 3=1 (ov B —1
To=14x 1020 — < 2>27 st (39) 9 o8B oz st (39
@ MGev dE GeV, '
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We investigate the possibility that some of these might be O S EL A A s B B By B s B
Milky Way satellites undergoing annihilations at their cen- [ counts (em? s 50" 100-300 MeV 4
ters. The annihilation scenario requires that there is no other | i
concentrated emission than the gamma rays. Other astro- - -
physical sources of just about any type are expected to have 10 - N
emission at other wavelengths as well. These souiides-
tified or noy are not measured below about 100 MeV, thus
the turnover expected for® photons atm,o/2=67.5 MeV
could not have been observed. However, the spectrum of an
annihilation source should be close to flat or slowly rising at
100 MeV, as seen from Fig. 1, thus the EGRET point sources
are typically not very good candidates for annihilation radia-
tion. However, they do set the scale of possible annihilation -10 u
sources quite well.
The yield of gamma rays predominantly fron? decays L .
in the hadronization of annihilation products is typically - .

latitude (2) (degrees)
o
T I T
©
1 I 1

dN/d In E~2 annihilation ! at energies of 0.1 GeV. This 20— e

) X Lo -20 -10 0 10 20
means the inferred volumetric rate of annihilations for these longitude (§) (degrees)
sources, integrated over the line of sight, is 5
X108 cm 2 s71. For a clump at a distance of 8 kpc, the 07— T T
inferred annihilation rate (volume integrated is 4 [ counts (em? 5 30 1=3 Gev 1

x 10*® s71. As we have seen in the previous section, this rate i |
likely requires a central density cusp at least as steep as - .
I’_l's. 10 -
We ask the following question: can GLAST confirm or
rule out the hypothesis that some of the unidentified EGRET
point sources are the annihilating cores of very steep profile
dark matter subhalos? We argue that the answer is yes, for
two reasons. First, GLAST will have improved performance
an energies below 100 MeV, down to a threshold of 20 MeV.
Certainly, the turnover in the spectrum at 67.5 MeV that
should be present in an annihilation source should be visible. =10 N
Second, the diffuse inverse Compton emission associated
with a few times 168 annihilations per second, covering
hundreds of square degrees, should yield both a significant L _
fraction of the background and a statistically significant de- L T
tection. GLAST will have an enormously improved exposure —20 -0 0 10 20
over EGRET: at 1 GeV and above, the expectation is 4.5 longitude (7) (degrees)
X 10" cn? s to any point on the sky, per yei82]. In Fig. 4, FIG. 5. Contours of integrated diffuse flux in two energy bands
we illustrate the integrated flux from inverse Compton oOnassociated with the galactic center source. The source is assumed to
starlight in four energy intervals due to an annihilationbe fixed at k,y,z)=(8.5,0,0) kpc. An annihilation source of 4
source of 4<10°® s™1 with the spectrum of the left panel of x10% s % is assumed, with the spectrum of the left panel of Fig. 1.
Fig. 1. We find that such a source should be easy for GLASTrhe contours are in units of photons tfs™* sr !, separated by
to detect, in fact a source ten times less active, with 40.25 decade in flux.
% 10°7 annihilations per second should be detectable. These

results are summarized in Table. I. with the previous assumption. For this clump, the synchro-
tron emission exceeds the CMB only below 1 GHz. In prin-
ciple, with spectral information the synchrotron and CMB

V1. DIFFUSE SYNCHROTRON EMISSION can be untangled, but as the signal lies near the galactic

An annihilation rate of 18 s ! produces a significant Plane, this may not be feasible.
amount of diffuse synchrotron emission. Previous authors
have discussed this in the context of clunig§ neglecting
the effects of diffusion. Their calculation essentially assumed VIl. GALACTIC CENTER SOURCE
a point source of synchrotron radiatigactually 10X 10
~10° sr), with the same total power as we find. We calcu- The galactic center is known to be a bright source of
late that the diffusion of the charged particles spreads out thgamma rays, with a broken power law spectrum measured by
synchrotron signal over roughly 0.1 sr, a huge area compareGRET to be33]

latitude (2) (degrees)
o
I
©
|
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, E —a - of photons, the diffuse inverse Compton emission might be
Ed—E=(4-2i 0.02x10" (Tee\/) cm s 7, detectable by GLAST, assuming bright enough annihilation
' (40) sources. The spatial extent of the emission makes its detec-

tion problematic of course. GLAST will certainly detect a

a=0.3+0.03 (E<1.9 GeV, (41)  significant number of point sources in a region of this size. In
a future work we will study in detail the feasibility of sepa-
«=2.1+0.20 (E>1.9 GeV. (42)  rating these signals.

We make a brief comment on the use of atmospheec C
We briefly discuss the possibility that this is an annihilationenkov telescopeéACT’s) for measuring gamma ray signa-
source. At 100 MeV, this spectrum corresponds 1B’ tures of dark matter annihilations. These telescopes typically
annihilations cm? s~*. Assuming the galactic center source have thresholds above 50 GéMough they are improving
is at a distance of 8.5 kpc, the inferred annihilation rate isout have the advantage of large effective collecting areas and
4x10* s 1. This is a factor of 10 brighter than the bright energy resolution even at TeV energies and beyaitere
clumps discussed previously. In Fig. 5 we illustrate the in-GLAST cannot measure photon energies larger than 300
verse Compton emission that would be associated with thGeV). Unfortunately, ACT’s are not likely to be useful in
galactic center source. We find that the emission correspondfetecting diffuse emission, as their fields of view are typi-
to a small fraction of the diffuse emission near the galacticcally only several degrees across (£Gr). The emission
center[34], and furthermore, it falls with distance from the we discuss in this paper is 100 times more extended than
center much more quickly than the observed hdtr an  this. However, if GLAST were to identify interesting candi-
analysis of the gamma-ray halo see R88]). If the galactic  dates for WIMP annihilation based upon the signatures de-
center region were better understood, it might be possible tecribed in this paper, then ACT’s could provide crucial high

uncover such a signature. energy spectral information by spending some time viewing
those candidates.
VIIl. DISCUSSION AND CONCLUSIONS As mentioned previously, these results are fairly generic,

and do not depend strongly on the particle physics model. As

_We have calculated the spectrum and spatial extent Qfe are concerned with the electrons and positrons, we do not
diffuse emission from the charged particle products of dark,en require that the dark matter have hadronic interactions.
matter anmhllat_lons. In addition to the synchrotron eMISsion _gnionically interacting dark matté86,37 would still pro-
discussed previously, we have studied the inverse ComptQfjye photons and electrons, albeit by different processes and
radiation, primarily on starlight photons. We have focused onyiy gifferent spectra. Such photon sources would be even
galactic satellites that are currently within the diffusion zone, 5 qer to reconcile with the EGRET point sources, but anni-
namely within a few kpc of the stellar disk. For satellites nijation sources below the EGRET detection limit may be
moving with typical galactic halo velocities of 300 km’s detectable by GLAST in any case.
the crossing time of the diffusion zone is of the same order as
the diffusion time, thus an inherently time-dependent treat-
ment is required.

For annihilation sources, e.g. galactic satellites at typical We thank H. Tajima and P. Gondolo for interesting con-
distances of 10 kpc, the diffuse emission in both inverseversations. This work was supported in part by the U.S. De-
Compton and synchrotron extends over roughly 300 squarpartment of Energy under contract number DE-ACO03-
degrees. We have shown that at least in terms of the numb&6SF00515.
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