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A travel guide to the dark matter annihilation signal
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We provide a “Baedecker” or travel guide to the directions on the sky where the dark matter annihilation
signal may be expected. We calculate the flux of high engrggys from annihilation of neutralino dark matter
in the center of the Milky Way and the three nearest dwarf spheroi8algittarius, Draco, and Canis Major
using realistic models of the dark matter distribution. Other investigators have used cusped dark halo profiles
(such as the Navarro-Frenk-White profite claim a significant signal. This ignores the substantial astrophysi-
cal evidence that the Milky Way is not dark-matter dominated in the inner regions. We show that the annihi-
lation signal from the Galactic Center falls by two orders of magnitude on substituting a cored dark matter
density profile for a cusped one. The present and future generation of high epeagydetectors, whether
atmospheric Cherenkov telescopes or space missions such as GLAST, lack the sensitivity to detect any of the
monochromaticy-ray annihilation lines. The continuum-ray signal above 1 GeV and above 50 GeV may,
however, be detectable either from the dwarf spheroidals or from the Milky Way itself. If the density profiles
of the dwarf spheroidals are cusped, then the best prospects are for detecting Sagittarius and Canis Major.
However, if the dwarf spheroidals have milder, cored profiles, then the annihilation signal is not detectable. For
GLAST, an attractive strategy is to exploit the wide field of view and observe the Milky Way at medium
latitudes, as suggested by Stoefiral. This is reasonably robust against changes in the density profile.
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[. INTRODUCTION cusped at al[13]. First, the microlensing optical depth to-
wards the Galactic Center is very high. Particle dark matter
The foremost candidate for the cold dark mat€bM) does not cause microlensing, whereas faint stars and brown
composing galactic haloes is the lightest neutral supersyndwarfs do. The total amount of all matter within the solar
metric particle, namely, the neutralifd]. If so, then neu- circle is constrained by the rotation curve, so this tells us that
tralino pair annihilation may lead to observable consedines of sight towards the Galactic Center are not dominated
guences, in particular the emission of high-energy by particle dark matter. More specifically, haloes as strongly
radiation[2]. The possibility that such rays may be iden- cusped as 1/ normalized to the local dark matter density as
tified by forthcoming atmospheric Cerenkov telescopednferred from the stellar kinematics in the solar neighbor-
(ACT) such as VERITAY3] or by satellite-borne detectors hood, are ruled out by the high microlensing optical depth
such as GLAST 4] has excited considerable recent interest14]. Second, the pattern speed of the galactic bar is known
[5-8]. to be fast from hydrodynamical modeling of the motions of
It is clearly of importance to identify the best places to neutral and ionized gas. If dark matter dominates the central
search for such an annihilation signal. Inspired by the highlyregions of the Milky Way, then dynamical friction will
cusped models based on numerical simulations of dark halstrongly couple the dark matter to the galactic bar and cause
formation[9,10], a number of investigators have suggestedit to decelerate on a few bar rotation time scdl&s]. It is
that the center of the Milky Way may be the optimum target.now largely accepted by astronomers that bright galaxies
For example, Bergstromt al.[2] have shown that if the dark such as the Milky Way do not have cusped dark haloes today,
matter density is cusped ag Ht small radii, then the-ray  with some investigators suggesting that feedback from star
flux would be detectable for typical neutralino properties information may provide a resolution with cold dark matter
the minimal supersymmetric extension of the standardheories[16].
model. Inspired also by the persistence of substructure in In fact, there imo observational evidence whatsoever that
numerical simulations, a number of authgg11,13 have any nearby galaxy has a cusped dark halo profile. The rota-
argued that a substantial enhancement im#iiay signal can  tion curves of low surface brightness and dwarf spiral galax-
be expected from such “clumps.” In these calculations, theies have been the subject of a long controvéisg;1§. The
inner regions of the substructure are also usually assumed #ffects of beam smearing mean that the H | rotation curves of
be cusped. However, even within the framework of themany dwarf spirals are broadly compatible with both cores
cusped models favored by cosmological simulations, thesand cusps. However, the H Il rotation curves for at least
conclusions have been contested as being overly optimistisome dwarf spirals are not compatible with cugp8|. Most
[6]. dwarf spheroidalg§dSphs do not contain gas and so the
More awkwardly, there is a substantial body of astro-structure of the dark halos must be inferred from stellar mo-
physical evidence that the halo of the Milky Way is not tions. Very recently, the survival of kinematically cold sub-
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TABLE I. Parameters of the dark matter halo profiles of the Draco dSph. The last three columns also give
(in parenthesgghe values at the location of the Sagittarius dSph. Two values are given for the tidal radius,
according to whether the Milky Way halo is modeled with an isothermal power-law model or a NFW model.
[Note that(1) the models sometimes require a slight velocity anisotropy in the very innermost parts to ensure
everywhere physical stresses in the Jeans equatioriZaride scale radiusg is constrained to lie below 1

kpc.]
Cored power-law models
@ v, kms? r. kpc r. kpe r. kpc M(ry)+10°Mg
MW-Iso MW-NFW
0.2 24.7 0.25 6.22.16 1.3(0.5 4.6 (2.0
0 22.9 0.23 7.82.5 1.4(0.5) 9.5(3.0
-0.2 20.9 0.21 10.12.9 1.6(0.52 22.43(4.9
Cusped models

0.5 2.3 0.32 6.62.5 1.5(0.6) 55(@3.)
1 (NFW) 3.3 0.62 7.02.59 1.6(0.57 6.6 (3.5
1.5 (Moore) 2.9 1.0 6.5(2.4) 1.5(0.6) 55(2.9

structure in the Ursa Minor dSph has been used to arguklere,r. is the core radius and, is a velocity scale. When
against a cusped halJ@0]. Hence, even at the least massive «=0, the model has an asymptotically flat rotation curve
and most dark matter dominated end of the galaxy masand is the cored isothermal sphere. The rotation curves of
spectrum, the predictions of cold dark matter theories condwarf galaxies may be gently rising or falling at large radii,
cerning halo structure seem to disagree with the observaso we also consider models with=—0.2 and 0.2, respec-
tions. Nonetheless, for the three nearest dSphs—Draco, Satively.
ittarius, and Canis Major—there is no direct evidence either The second set of models is the cusped haloes
for or against central cusps in their dark matter distribution.

Given this weight of evidence, it seems very prudent to
use both cored and cusped halo models to estimate the range Peusfl)=
of the expectedy-ray annihilation signal. In this paper, we
examine four possible locations—the Galaxy Ce_nter and thEvored by numerical simulations. Herg,is the scale radius
centers of the three nearest dark-matter dominated dwaffya s the overall normalization. Whep=1.5, the model
spheroidalgDraco, Sagittarius, and Canis Majom Sec. I

we use the most recent data on the velocity dispersion of thﬁ;gghi'sgw,ﬁcﬁzsgw g?erﬁ}(_avlv%@ﬁlr:%ebx?ﬁg E/;)]l ’ Afge
dSphs to constrain a variety of dark halo models, and in Se%itionally we study the casg=0.5 which represents a still

[l evaluate they-ray flux from neutralino self-annihilations. milder Cljsped profile

Sections IV and V summarize the expected contribution from - . e pararﬁeters determining the shape of the pro-

the background and the criterion for detection, respectivelyﬁle are set by fitting to observational data on the Draco dSph

The re;ults for second generation ACTs and for GLAST arqjsing the Jeans equatid@5]. For a spherical galaxy, the
given in Sec. V. enclosed masMI(r) is related to observables via

2

FY(r+rg)d 7

r{v,)2(dlogv dlog(v?)
G dIongr dlogr

Il. MODELS OF DWARF SPHEROIDALS M(r)=— (©)]

Dwarf spheroidal$¢dSphs warrant attention because they
are amongst the most extreme dark matter dominated enviere, v is the luminosity densityv?) is the radial velocity
ronments. For example, the mass-to-light ratio of Draco isdispersion of the stars an@l is the anisotropy of the stellar

~250 in solar units[21], while that of the Sagittarius is motions. The luminosity density of Dracois taken ag26]
~100[22]. The recently discovered possible dSph in Canis

Major seems similar to the Sagittarius in structural properties Vofg
and dark matter contef23]. Given the seeming absence of
dark matter in globular clusters, dSphs are also the smallest
systems dominated by dark matter.

We develop two sets of models of dSphs. The first set iég
the cored spherical power-law modét|

4

V= ——F——F s
(rg+r2)5/2

ith ry=9.71~0.23 kpc(using a heliocentric distance for
raco of 82 kpg. There are six observational points showing
the line of sight velocity dispersion of Draco at different radii
in Ref.[27] (using the data with no rotation subtracte@ihe
vgrg 3rﬁ+r2(1— ) data points are consistent \_/vith a flat profile petweéraﬂd
ppom/(r)z4 G 2. zoran (1) 22’: Assuming that the anisotropy now vanishes, then the
TS (re+re) radial velocity dispersion is equal to the line-of-sight veloc-
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ity dispersion. Finally, the left-hand side of E@) is fitted to TABLE II. The portion of the mSUGRA parameter space ran-

the known right-hand side at the locations of the data pointslomly scanned to generate the models. Heigandm,,, are, re-

in Ref.[27], thus giving estimates for the two unknown pa- spectively, the common scalar and gaugino mass at the unification

rameters for each density profile as quoted in Table I. scale, whileA, is the trilinear parameter and tgnis the ratio of the
This algorithm provides models of the Draco dSph thatvacuum expectation values of the two Higgs fields. Eheerm in

satisfy the available observational data. Unfortunately, thdhe Lagrangian is allowed to have either sign.

radial variation of the velocity dispersion has not been mea-

sured for the Sagittarius dSph. However, the central line-of- MSUGRA parameters

sight velocity dispersion of Sagittarius dSph is 11.4 krhs mo (GeV) myy2 (GeV) tans Aol (GeV)

very similar to that of Draco (10 kns). Henceforth, we 10—10000 10—10000 1-60 10—10000

assume that the underlying structural parametegsr or

A,rg) of the Sagittarius dSph are the same as Draco. The o

third dSph under study—Canis Major—has only recentlycemer to the center of the dSph._ We remark that this is not

been claimed and the evidence for its existence is not yefi€ Same as the procedure used in a number of recent papers

clear cut. There is certainly a surprising concentration o 28,29, in which the local density at the tidal radius in the

stars in the direction of Canis Major, but this could be due tosvSph is set equal to the density of the background Milky

; : ay halo at the center of the dSph.
some dynamical feature such as an outer spiral arm associ- . : :
ated with the Milky Way disk. However, for the purposes of The results depend on the choice of profile for the Milky

) . ; ) Way halo. For comparison purposes, we consider both a
this study, we assume the interpretation of the data in termsoed  isothermal profile  with r,=10 kpc and v,

of a merging dSph is correct and that Canis Major dSph is_ 220 kms %, and a NFW profile with concentration param-

similar in size and structure to Sagittarius. _ . L
To determine the extent of the dark matter halo of theﬁercz igl'gl\-;he t(;cgl :Jzzsegfe?ﬁnMgekg[%?ycvaeloslrsmcf\l/i/(ei?] at
. . . . MW [oF] .
gqsegﬁjd tl:]s?egdcilnr:\e/lgrzl:isor:glﬁﬁi:iieeris\?e:rza:‘tr%?ﬁ ;rhhee;gfr:gxéﬁzfable | the results when E€p) is used to determine the tidal
. : o y - radius of a dSph at the locations of Draco and Sagittarius, for
rion. The tidal radius is found by requiring that the averag

e :
density within the dSph is equal to the average interior den'Ehe two adopted models of the Milky Way halo.

sity of the Milky Way halo, namely, . THE 9-RAY FLUX

Masp ) Mmw(raspr—Tt) Let the neutralino mass b, and its self-annihilation

3 (P ) (5) cros.s'se'ctio_n b(?ov). Then, they-ray flux from neutralino
t dsph Tt annihilation is given by 2]
Here,Myw(r) andMgsp{r) are the masses enclosed within N(ov) 1
radiusr of the Milky Way halo and the dwarf spheroidal, D (h)=— 5 x—j dQJ’ p?[r(s)]ds, (6)
respectively, whiler 4syy is the distance from the Galactic 4 Al Jaa los

TABLE Ill. Values of (J),o for the Sagittarius, Draco, and Canis Major dSphs in units of
107 GeV? cm 5. The tidal radius of the dSphs is calculated assuming an isothermal profile for the Galactic
halo. Additionally, results in the direction of the Galactic Center are given for both the NFW and isothermal
models of the Galactic halo.

Cored power-law models

Sagittarius Draco Canis
a AQ=103%sr AQ=105sr AQ=103sr AQ=10%sr AQ=103sr AQ=10°%sr
0.2 0.6 3.4 0.07 2.2 2.4 3.4
0 0.6 3.3 0.06 2.2 2.4 3.5
-0.2 0.6 3.2 0.07 2.2 2.4 3.4
Cusped models
Sagittarius Draco Canis
v AQ=103sr AQ=105%sr AQ=103sr AQ=105sr AQ=10°3sr AQ=10°sr
0.5 1.1 17.8 0.1 5.7 6.2 32.3
1 (NFW) 1.3 36.9 0.1 7.2 8.3 139.9
1.5 (Moore) 7.3 615.1 0.6 55.4 49.1 5469

Galactic center
Profle AQ=10%sr AQ=10"°%sr

NFW, y=1 26 280
Cored,a=0 0.3 0.3
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wherep is the density of the dSph as a function of distance

from its center, which, of course, depends on the heliocen- J(lﬂ)ZJ dsp?(r). 8
tric distances. The integration is performed along the line of los
sight to the target and averaged over the solid andle of
the detector. In particulaN,,=2 for the annihilation of two

nonrelativistic neutralinos into two photongzﬂ yvy) and

In these formulas, angled brackets denote the averaging over
the solid angleAQ), while s, and s, are the lower and
_ T upper limits of the line-of-sight integration, given by
N,=1 for the annihilation into a photon and A boson . . - .

7— 7). The first part of the int P & d d h 5oC0s0+ \rZ—s2sirfh. Here, s, is the heliocentric distance
();ﬁ? Iayr). The first part S"mogé?fg?rg‘ tzal.ige;‘n s 0n N of the dsph and, is the tidal radius of the dSph. Finally
particuiar particie physi utral ita "Omax IS the angle over which we average around the center of

The second part is a line-of-sight integration through th . :
dark matter density distribution. We discuss each in detall %22 o(ljustﬁ)hri 2 n%egaer:agg 1I‘|Sx eecljt Llji?r?; equal to the experimental

the next two subsections.

Omax .
A. Particle physics model AQ= 277[ désing=2m[1—coq Onan].

0
To computel\ly<crv>/(4rrm)2(), we have to select a super-
symmetric model. We focus on minimal supergravity The quoted point spread function widths for the various ex-
(MSUGRA models with universal gaugino and scalar periments are 0.4(EGRET), 0.1° (GLAST, HESS and
masses and trilinear terms at the unification s¢a8ld. We  VERITAS), 0.15°-0.04° (CANGAROO-IIl). EGRET and
use the computer prograsorFTsusy[32] to scan the super- GLAST are satellite detectors with low energy thresholds
symmetric parameter spa¢see Table )l and generate 0 (~100 MeV), high-energy resolution~(15%) but only
models which have consistent electroweak symmetry breaknoderate angular precision. The others are ACTs with higher
ing and grand unification. The output at the electroweakhresholds €100 GeV) but better angular resolution. Typi-
scale is fed into the programARKsuUsY [33] which com-  ca| reference sizes for the solid angle a8 =102 sr for
putes the relic density and products of the neutralino anniNiaCTs and GLAST and\Q =102 sr for EGRET.
lations. It also checks that. a given model is not ruled out by  Taple Il lists values ofJ) »q for the dSph profiles intro-
present accelerator experiments. duced in Sec. Il. The heliocentric distances to the Draco,
A feasible model is one which is permitted by acceleratorSagittariUS, and Canis Major dSphs ar80, 24, and 8 kpc,
limits and which predicts a relic density in the range 0.005respectively, and this largely controls the relative values of
<Qcpyh?<0.2. This is somewhat broader than the range 3y, , for the three dSphs. Clearly, the comparative close-
0.09<Qcpyh?<0.13 determined by fitting the standard ness of the Canis Major dSph works to its advantage as a
A CDM model to the WMAP dat@34]. This is done so as to possible target. An increase in angular sensitivity enhances
incorporate the higher values fékcpyh?® found for consis-  the signal for all three dSphs. We remark that, in the litera-
tent alternative CDM model35]. The lower limit is set by  ture, there is a considerable spread in the values obtained for
requiring the relic particle to provide most of the dark matter@)m for different sources. In Ref.7], a one-component
in galaxies(taking a typical mass-to-light ratio for galaxies King profile was used to model the dSph density distribution.
of ~10, cf. the critical mass to light ratio of 2000 in solar  These authors only give explicit estimates of the entire line-
units). The range of the supersymmetric parameters scannest-sight integral. However, the values are of the order of
are given in Table II. For each feasible model, we record the ?* GeV? cm™®, lower than those implied by Table Iil. In
quantitiesN (ov) for the discrete linescx—yy and xx  Ref.[8], no angular average is taken, but instead the approxi-
—Zy, as well as the continuougray spectrum above 1 and mation
50 GeV. Note that in the previous stuf], the relic density
was much less constrained and models with arbitrary low
values were permitted. J p?(dl
o | = ©
B. Line-of-sight integration of dark matter density Ard?
The line-of-sight integration can be manipulated thus:
is used, together with an singular isothermal profile for
() :ij I()dQ Draco. Taking the value given fom, =100 GeV implies
ATAQ Jaq 3.7x 10%° GeV? cm® for the line-of-sight integral. It is sur-
prisingly low and yet the plots manage to exclude as large a
region in parameter space as in Rif]. As we discuss in
27 (Omax Smax ., Sec. V, the reason for this is the criterion used in R&f.to
~20/, dosmeL ~dsp (Vs®+s5—255c080), identify a detectable signal.

e 7 As seen in the bottom panel of Table Ill, theray emis-
sion towards the Galactic Center falls by at least two orders
of magnitude on moving from a cusped NFW halo to a cored

where isothermal model. The point that the signal from the Galactic
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TABLE IV. This gives flux values in physical units of photons ¢fns™? for the Galactic Center and the
three dSphs, assuming a field of view of 3°. These numbers are computed from the valiiegigén in
Table IIl under further assumptions of characteristic values for the neutralino mass and cross(siction
m, =100 GeV andN (ov)=10"2°cn® s™1). In each case, results for a cusped NF-~(1) and a cored
power-law (@=0) model are given.

Flux values(in photons cm?)

Model Galactic Center Sagittarius dSph Draco dSph Canis Major dSph
NFW 3.2x10°° 1.1x10 1 9.9x10 12 7.8x10°10
Power law 6.x10 1 5.3x10 1 5.1x10 12 2.9x10°10
Center depends sensitively on the assumed halo profile, and A. Hadronic and electronic

so may have been overestimated, has also been made re-
cently by Stoehet al.[6]. For example, an optimistic result

for the y-ray flux towards the Galactic Center was obtained
in Ref. [2] by using a cusped NFW model normalized to

Bergstromet al.[2] use data taken with the Whipple ACT
to derive the following expression for the hadronic back-
ground:

satisfy two constraints on the halo magsand circular speed ddyaq
vh, Namely, qo (E=Eo)
0 -1.7
=6.1x10 3¢, 0(—) cm 2s tsrl
M(r<100 kpg=(6.3+2.5)x 10"M, 1 GeVv

(11)

vh(Rp)~128-207 kmst. (10

where €54 IS intended to take into account improved had-
ronic rejection expected in future ACTs, but is at present set
to unity.

If the normalization is set to obtain the maximum fl{as is L . o
Showers initiated by cosmic-ray electrons are indistin-

done, for example, in Fig. 9 of Ref2]), then the models ) ) L7
possess a local dark matter density substantially in excess p|shablg fromy rays. This contnbutlo'n to the backgrqund
the usual value of-0.3 GeV cm . Anyhow, even accept- 0rACT§ is, according to Ref2] (who cite Ref[36] for this
ing the debatable proposition that the Galaxy did once have BUrPOS&:

pristine dark halo of the NFW form, the formation of the

Galactic disk, bulge and bar will have substantially repro-

cessed the dark matter distribution. Certainly, the evidence

from the microlensing optical depth towards the Galactic dde- :3><102< Eo ) 23 cm2s lsrl (12)
Center and the pattern speed of the galactic bar are inconsis- dQ 1 GeV '
tent with models dominated by dark matter in the central
regions[13].
Finally, let us illustrate how to convert the numbers in B. Diffuse emission

Table Ill into photon fluxes. This requires adopting charac-

teristic values for the particle physics parameters; here, we The diffusey-ray background is usually taken to be domi-
take m, =100 GeV andNy<ov):10*25 e L for ener- nated by the galactif37] or extragalactid¢38] contribution,

g . : -~ ~. depending on whether the target location is the Galactic Cen-
gies in excess of 1 GeV. Assuming the field of view is 1‘|xec.1,[er or at higher latitudesbE10°). For example, a fit to the

agis;lts(TO\?vg]r%r'sv'\nlr?erzdc:sér:?:r ziﬂ:r;ggiggst?selcg?)e mheoiiﬁ ?i)((al(T:GRET datd37] at 1 GeV(dominated by the galactic con-
P J ~ D P ribution) is given in Ref.[2] as

photon fluxes from the Sagittarius, Draco, and Canis Major
dSphs are as given in Table IV.
—27

cm ?s tsriGev?,

(13

dq)diff
IV. COMPUTATION OF THE BACKGROUND dQdE

Eo
1 GeV

=N0(I,b)10‘6(

There are three sources of background for the signal un-
der consideration: hadronic, cosmic-ray electrons, and dif-
fuse y rays from astrophysical processes. The last is negliwhere Ny(l,b) is a factor in the range 1-100, with higher
gible for ACTs, but is the only one present for satellite values for the central regions of the Galaxy. In R&, only
experiments such as GLAST or EGRET. Let us considethe extragalactic contribution from EGRET, estimated in
each source of background in turn. Ref.[38], is considered:
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D g —2.10+0.03
de'E=(7.32t 0.34;><10—9(m) cm 2s tsriMevt
EO —2.10+0.03
~1.4% 106( I Gev) cm ?s tsriGev L. (14
|
So, the spectral indices of the Galactic and extragalactic con- ® m
tributions are about-2.7 and— 2.1, respectively. = (16)
However, the separation between the Galactic and ex- VO, + Dy

tragalactic background is not clear. For example in 9],

the case is made for a very low extragalactic backgroundiere, ®, denotes the neutralino annihilation flux in
Studying the region around the galactic polés=@0°), it cm s 'sr™*, while ®y4is the background flux. Any detec-
seems that, even there, most of the contribution is of galactitor sees some photons from both dark matter annihilation and
origin. In particular, the main contribution is not isotropic but background, so the error in the measurement jsb ,+ @y,
correlated with known galactic tracers. The EGRET Collabo-and note \/<}T7 As pointed out in Ref[42], the use of the
ration concede thaany simple model for the diffuse back- latter formula overestimates the significance of any detec-
ground is unlikely to work for all points in the sky and at all tion.

energied40]. When studying the signal from discretdines,d®,,/d(

To be conservative, we normalize the flux to the EGRETIs the background flux falling under the annihilation line. If
data above 1 GeV and choose a spectral index-@1 the background has a differential spectrldﬁbbg/deE
which is the worst case: =NoE?, and if the energy resolution of the instrument is
oe/E, then the background under a line at enefgy(i.e., in
the interval Eq— o ,Eq+ og] containing 68% of the signgl

dd i _% E |72 15 Isgiven by[2]
dQdE "\ 1 GeV, (19 .
D N
deg=5T01Eg‘”1>< n(oelE, ), (17)
The emission above 1 GeV in the region of our interest can
be downloaded from the EGRET websii¢l]. The exact iih
values for the  diffuse  emission are 6.7
x10" 7 cm 25 tsr ! at the location of the Draco dSph ( 1
=86.4°,b=34.7°), 3.1810 ® cm 2s *sr ! at the loca- 2 oelE,8)= _ . (19
tion of the Sagittarius dSph |€5.6°, b=—14.1°), ’ (1—og/E)Y % (14+0g/E)°

3.87x10 % cm 2s ! sr ! at the location of the Canis Major
dSph (1=240°, b=—8°), and 1.%210 *cm 2s 'sr'! at  For ACTs, the background is the sum of three different
the Galactic Center. power laws; for satellites, only the diffuse background is
The diffuse emission is the only background for satelliteneeded.
experiments. Its large variation with galactic coordinates can In the literature, a number of different algorithms are used
make a weak source in Draco relatively brighter than strongo define a detection of dark matter annihilation. Some au-
emission from the Galactic Center, overwhelming the num+thors additionally require a minimum number of detected
bers in Table Ill. For ACTs, however, the hadronic and elecphotons, though this number is set somewhat arbitrarily. In
tronic backgrounds are much larger and independent of gaRef. [2], the minimum number is 25 for ACTs and 10 for
lactic coordinates, so the hierarchy from Table Il is retainedsatellite experiments; in Reff43], it is 100 for ACTs. In Ref.
So, this raises the possibility that the Sagittarius dSph might7], no minimum number of detected photons is required,
have a higher signal-to-noise ratio with ACTs, but the Dracowhich allows the possibility of a high significance detection
dSph is more clearly seen from satellites. with a tiny number of received photons. In RE8], a com-
pletely different strategy altogether is used: constraints on
supersymmetric parameter space are found by requiring that
V. THE DETECTORS Draco’s flux be less than the least significant detectibe
Large Magellanic Cloud até [44]) above 1 GeV, resulting
in a minimum flux for detection of 10° cm 2s™L. In this
For the dSphs, the minimum detectable firx is deter-  way, the noise enterinearly into the expression. This ex-
mined using the prescription that, for an exposurd séc- plains why Tyler[8] excludes a large region in mSUGRA
onds made with an instrument of effective ateg and an-  parameter space from the non-detection of dSphs, despite the
gular acceptancA(), the significance of the detection must fact that the values of the integr@) towards the dSphs are
exceed : quite low.

A. Minimum detectable flux
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TABLE V. Performance of they-ray detectors. Numbers quoted corresponddosgnsitivity after 100 h of observation for ACTs and 1
yr for GLAST.

High energyy-ray detectors

HESS(I) VERITAS MAGIC EGRET GLAST
Energy 40 GeV-10 TeV 50 GeV-10 TeV 30 GeV-10 TeV 20 MeV-30 GeV 20 MeV-300 GeV
oelE ~10% ~15% ~20% <10% ~5%>10 GeV
Ags (cP) 4x10° (>100 GeV)  4x1C® (>100 GeV) 4x10° (>100 GeV) 1.510° 10
®n(cm2sh)  8x10712(>100 GeV) 91012 (>100 GeV) ~10 ' (>100 GeV) 107 (>100MeV) 3x10°° (>100 MeV)
Ang. res.(single y) <0.1° at 100 GeV <0.1° at 100 GeV ~0.2° <5.8° at 100 MeV 2°at 100 MeV
0.1°at 10 GeV
Field of view 4.3°-5° 3.5° ~b5° 0.5 sr 2.4 sr
B. Performance of the detectors angular resolution of the detector. So the optimal strategy is

Jo scan between the minimum angular resolution and the

are summarized in Table V. For definiteness, we g maximum field of view, choosing the field for which the

—1075 sr~0.1° for the angular average when consideringsignal_to noise ratio is maximized. This. depenc_js on the po-
ACT's (appropriate for energies 100 GeV) or GLAST(10 sition in the sky and on 'the type of_prof|le. For instance, thg
GeV), and AQ=10"3 sr~1° for EGRET (10 Ge\). Also distant Draco looks similar to a point source and the maxi-
important is the observation time, which is chosentas mum signal is for the smallest angle possible. For Sagit-

~1 yr for satellites. For the next generation ACTs, assumin arius, the optimal angle is 0.4° for cored profiles and the

four telescopes, we use an observation ttmd 00 h and an mallest possible for cusped profiles. In order not to put too
exposure A ﬁ:AX 168 c?. This seems reasonable. as Many lines in the plot, we have avoided drawing all the halo
€ . l

CANGAROOQ[45] and the last phase of HE$%6] will have types and show only the extreme cases.
four telescopes, while VERITAS will have as many as seven

The detector characteristics of the different experiment

[3]. MAGIC [47] uses a single 17 m mirror and has roughly A. Discrete lines
the same performance as next-generation ACTS, but with a N . , .
reduced threshold of 30 GeV. The annihilation of two neutralinos gives rise to two pho-

tons with energye ,~m, . The region probed by the differ-
VI RESULTS ent experiments is shown in Fig. 1. Also shown ar&500
The following plots show the parts of the supersymmetric XX —> YY
parameter space that can be probed through the detection «
a y-ray signal from neutralino annihilations. We typically

0.005 < Qh” < 0.09

show the region to which GLAST and a generic second gen- 192 | oo oreons

eration ACT will be sensitive. The plots found in Ré2] scom<owcoz
show they-ray flux in cm s~ against photon energy. They o " Carc (oore) GLAsT P
are not appropriate for depicting the exclusion limits from -~ Sagittarius (Moore) ACT g

— - Canis (Moore) ACT ..

observations of different parts of the sky because the flux
changes and hence so do the points representing theoretic _
models. We prefer to use the type of plot presented in Ref.”
[7] with N.(ov) (which depends exclusively on the particle
physics modslversusm, (although other quantities could be
used as wejl 107

From Eq.(16), we write the condition for detection in a
more convenient way for the plots:

—-26

—-28

10

<OV> (cm /s

-32

10

-34

47’ 25+ \/625+ 100A QA ¢t P g
N.(ov)=
Y (J) 2A QA

(19) 10

m, (GeV)

Here, we see t_hat |ncrea§|ng th? angular a_cceptAtﬁ?:@an FIG. 1. Exclusion limits for the discrete lingy— yvy. For all
increase the signal to noise ratio. In fact, if both signal andye experiments, only the most favorable cases are shown. The
background are constant, the significance incregamed the  5quare(green, round (red, and star(blue) points correspond to
minimum value ofN,(ov) that can be probed decreasas  msuGRA models withQcpyh? in the range 0.005-0.2, as dis-
JAQ. However, the signal is not constant as Table Ill cussed in Sec. Il A. The rounded points satisfy the more strin-
shows, and the angular acceptance that maximizes the sigent WMAP constraints 0.69Q cph?<0.13. The exclusion limits
nificance does not necessarily coincide with the minimunfor yx—Zy are very similar and not shown here.
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points in the mMSUGRA parameter space that comply with all
the accelerator limitgincluding b—sy, (g—2), and other
accelerator limit§48] that are incorporated iDARKSUSY). 102
All the points, bar five, have spin-independent cross sectior
with protons or neutrons below 16 pb, thus compatible
with limits set by the Edelweiss nuclear recoil detector, but
not the disputed signal claimed by the DAMA experiment
[49]. Also, the upward-going, neutrino-originated, muon 10
showers have a flux o£10* km~2 yr~! (which according
to Kurylov and Kamionkowskj50] is the limit set by super-
Kamiokandé.

24

10

&
8

3
<GV>N7(cm Is)
o
=)

PHYSICAL REVIEW D69, 123501 (2004

E,>1GeV

& 0.005< Qh” < 0.09
b +0.09 < Qh’<0.13

% ©0.13<Qh’<0.2

As the figure shows, the discrete annihilation line is very V4, - gacngz?;vgvrv—e'{a_vlgw)
unlikely to be observed, even with the next generation instru- £ Draco (Moore)
ments. It is just about detectable for the most promising tar- o } o gig?iéﬁ'u%oore)
gets under the most optimistic assumptions—the Sagittarius © — — Galaxy (large b)
or the Canis Major dSph galaxies assuming a Moore profile = Canis (Moore)
and using next generation ACTs. Other possible models 10 100 1000
(such as NFW or cored profilesnd targets(such as the m, (Gev)
Galactic Centerare much less propitious still. For GLAST,
only one line is shown—namely, that for the Canis Major Ev > 50 GeV

dSph, but even this lies above all physical mMSUGRA models
and so provides no constraints. In particular, monochromatic
lines from the Galactic Center are not visible to GLAST. The
difference between this work and that of REd] is that the
latter authors took a very high dark matter concentration in 10
the cente(the profile is just NFW, but the constant in front is
set to ensure maximal flux given two weak constraints on the
mass and the rotation curveThis causes the-ray flux in

107

24

—-26

—_
o

/s)

monochromatic lines from the Galactic Center as computec "8 0
by Ref.[2] to be over two orders of magnitude greater than =z
the values obtained in this paper. € w | g 0.005< Qi <0:00
10 E + 0.09<Qh§<0.13
. . ¢ 0.13<Qh"<0.2
B. Continuum emission “— Sagittarius (Moore) GLAST
. L . . 2 —- Galaxy (large b |
The continuum emission comes from hadronization and  '° 4 — Canisy&oge)éLAST
subsequent pion decay. The programrRKsUsY [33] uses 2" — - Canis (Moore) ACT
results from therYTHIA code[51] to compute the photon 107 5 S o

multiplicity for each neutralino annihilation. Experimental
sensitivities are shown in Fig. 2 for continuum emission
above 1 and 50 GeV. o . .
The continuum emission above 1 GeV can yield some FIG. 2. Exclusion limits for continuury-ray emission above 1
constraints. Although we have computed the curves for foupev (top) and 50 GeMbottom. Only the most favorable cases are
tar ets(Dréco Sagittarius, Canis Major, and the GalactiCShown' ForE,>1 GeV, only curves for GLAST are drawn, as
Ce%te) and fo} thegfull ran,ge of mode{s i7n Sec. II, we give ACTs are insensitive at such low energies. Above 50 GeV, curves

v th s Its in the fi The D are shown for both GLAST and second generation ACTs. The
only the most promising results in the figures. e I’aco’square(greer), round (red), and star(blue) points correspond to

Sagittarius, and Canis Major dSphs may yield interesting,,sycrA models WithQcpyh? in the range 0.005-0.2, as dis-

constraints—but only if their dark halo profiles are strongly ¢,ssed in Sec. 11l A. The rounded points satisfy the more strin-
cuspedithe Moore and the NFW profiles both rule out SOMegent WMAP constraints 0.89Q cpyh?<0.13.

supersymmetric modelsUnlike the case of the Milky Way,
cusped profiles are still possible for the dSphs. Notice, how-. L ,
ever, that substituting cored power-law models for NFW orlin€ for the Sagittarius dSph in the upper panélere the
Moore profiles causes the exclusion limit to move well above>alaxy has been modelled with an isothermal power-law
the supersymmetric parameter space of interest. Epr model, as opposed to the c_usped models_preferred by Stoehr
>1 GeV, only curves for GLAST are drawn, as ACTs are®t al. We agree therefore with the suggestion of Stcethail.
insensitive at such low energies. that this is a promising target, as irrespective of whether the
Also shown in the upper panel of Fig. 2 is a line corre-Galaxy is cusped or cored, there are always useful con-
sponding to the Milky Way observed at medium latitudesstraints on the supersymmetric parameters. Unfortunately,
with the wide field of view of GLAST, as first suggested by this attractive option is only available to GLAST and not for
Stoehret al. [6]. (This line lies almost exactly on top of the ACTSs.

m, (GeV)
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The lower panel of Fig. 2 shows the prospects for detecAgain, however, this conclusion only holds good if the dark
tion of continuum emission above 50 GeV. For ACTs, thehalo profile is cusped. Using a cored isothermal-like model
Canis dSph is the best target, though a detectable signal wilbr the dark halo, even the Sagittarius and Canis Major
again only be measured if the density profile is stronglydSphs may be invisible to GLAST and second generation
cusped. For GLAST, the Galaxy at medium latitudes agairACTSs.
leads to some constraints, though not as strong as when con- Unlike Bergstromet al. [2], we do not find the Galactic
tinuum emission above 50 GeV is studied. Center to be a promising location. Partly, this is because we

believe that the Milky Way doesot have a strongly cusped
profile based on the available astrophysical evidgri&e-
VIl. CONCLUSIONS 15]. Partly, this is because Bergstrahal. chose a generous
) ] . overall normalization anyhow—they used the NFW model

If the dark matter present in the Universe is composed a¢orresponding to the maximum flux which satisfies two weak
least in part by the lightest supersymmetric particle, then thigonstraints on the mass and the rotation curve. Accordingly,
could manifest itself viay-ray emission from pair annihila- the |ocal dark matter density is as high-a9.6 GeV cni3
tions. It is clearly important to estimate the likely magnitudein their model. When the circular velocity curve of such a
of the neutralino annihilation signal. It i§ also important t0 halo is combined with that for the disk and bar, then it nec-
identify the likely locations and spectralgienes in which  assarily violates the constraint on the Galactic rotation curve
the signal should be sought. This paper has provided neyy the inner parts. One important caveat of our results, how-
estimates of the signal towards the Galactic Center and thgyer, is that the possible effects of a central black hole are
nearby dwarf spheroidals using a variety of models. _ not included in our calculations. Here, we merely note that
~ There have been a number of recent calculations predicne ghservability of any expected signal depends on the man-
ing that the neutralino annihilation flux from the inner Gal- her in which the black hole grows3,54.

axy will be detectable with forthcoming satellites such as  gtoehret al. [6] have also recently emphasised that the
GLAST and with second generation atmospheric Cerenkoy,_ray emission from the Galactic Center may have been

cusped Navarro-Frenk-WhiteNFW) models for the Milky  They suggest that the galaxy at moderate latitu@#s 10°)
Way halo hold good. This assumption is in contradictionmay also be a good target for detecting the continuum emis-
yv|th a substantial body of astrophysical _ewdencg about thgjgn (they do not study the line emissipiThis is not really
inner galaxy[13—15. In any case, even if the Milky Way an gption for ACTs with their small field of view. However,
halo was originally of NFW form, the formation of the disk jt is an attractive possibility for GLAST, as the continuum
and bulge will have reprocessed the primordial dark mattegmission is detectable irrespective of uncertainties in halo
distribution[16]. In contradiction with earlier results, we do gtrycture. For ACTs, the best targets remain the Sagittarius
not find the prospects of detecting the annihilation flux fromgng canis Major dSphs.
the Galactic Center to be particularly promising. In particu- Very recently, the Large Magellanic CloudMC) has
lar, the y-ray line coming from theyy andZy final states is  peen suggested as another likely tarf@d]. Judging from
not detectable either with second generation ACTs or withgef. [52], the average mass to light ratio of the LMC within
the GLAST satellite. We caution that many of the recentg g kpc is only~3 (as opposed to-100 for the compact
estimates of high flux are sensitively dependent on the a%4Sphs. This is an upper limit to the central mass to light
sumptions made regarding the innermost structure of theatio. In other words, much as in the Milky Way, dark matter
dark halo. Even the best numerical simulations have diffigominates the outer parts of the LMC and is responsible for
culty in resolving structures on scales less than 1 kpc, and se asymptotic flatness of the ratio curve. However, the cen-
the inner profile is always found by extrapolation. tral parts of the LMC are dominated by the luminous bar and
The high mass-to-light ratios of the local group dwarf gisk. The assumption that the dark halo dominates the gravi-
spheroidals(dSphs makes them attractive targets. Cuspediational potential everywhere is therefore not valid. Hence,
profiles such as NFW are not presently ruled out for dSphgne procedure used in R¢R9] of fitting the rotation curve to
such as Sagittarius or Draco. It may be that the visible dwarg NFw dark halo is flawed. The gravitational potential of the

galaxy lies entirely within the ce_ntral parts of a cusped dar_kgas and stellar disk and bar simply cannot be ignored in the
matter halo. If so, then the optimum targets are the Sagitzentral regions.

tarius and Canis Major dSphs. The detection of monochro-
matic lines is still extremely difficult, but the GLAST satel-
lite may detect excess continuwnray emission. This is of
course a less distinctive feature than a sharp line. In particu-
lar, if the Sagittarius or Canis Major dSphs have a strongly We are grateful to I. de la Calle, M. Martinez, M. Ramage
cusped dark halo profilept~r~1® or p~r~1), then some and C. Tyler for useful communications. We thank Simon
regions of supersymmetric parameter space can be ruled oMhite for critical comments on the draft version.
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