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Neutralino gamma-ray signals from accreting halo dark matter
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There is mounting evidence that a self-consistent model for particle cold dark matter has to take into
consideration spatial inhomogeneities on sub-galactic scales seen, for instance, in high-reSbhdibhn
simulations of structure formation. Also in more idealized, analytic models, there appear density enhancements
in certain regions of the halo. We use the results from a redestidy simulation of the Milky Way halo and
investigate the gamma-ray flux which would be produced when a specific dark matter candidate, the neutralino,
annihilates in regions of enhanced density. The clumpiness found on all scales in the simulation results in very
strong gamma-ray signals which seem to already rule out some regions of the supersymmetric parameter space,
and would be further probed by upcoming experiments, such as the GLAST gamma-ray satellite. As an
orthogonal model of structure formation, we also consider Sikivie's simple infall model of dark matter which
predicts that there should exist continuous regions of enhanced density, caustic rings, in the dark matter halo
of the Milky Way. We find, however, that the gamma-ray signal from caustic rings is generally too small to be

detectable.
DOI: 10.1103/PhysRevD.63.083515 PACS nunt®er95.35-+d, 95.85.Pw, 95.85.Ry, 98.35.Gi
[. INTRODUCTION to significant possible enhancements of the annihilation rate

Recent determinations of cosmological parameters havia the overdense regions. Since the annihilation rate is pro-
singled out a region of the matter densidy,~0.3 clearly  portional to the square of the WIMP density, the gamma-ray
larger than allowed by big bang nucleosynthesis. Thissignal in the direction of these galactic halo clumps should
coupled with many other pieces of evidence makes the exide considerably enhanced compared to the case of a smooth
tence of non-baryonic dark matter compellirid. However,  halo profile, which has most frequently been considered in
we still have no clue as to the nature of the dark matter otheprevious analyses.
than that it plausibly exists in the form of non-relativistic  In another, highly idealized model, having the virtue of
(cold) particles. If the particle is massive and has weak-being analytically treatable, proposed by Siki{4e-6], con-
interaction coupling to ordinary matter, i.e., it is @ WIMP tinuous infall of dark matter on our galaxy should give rise to
(weakly interacting massive partiglethere are good pros- ring shaped caustics of dark matter. If the velocity dispersion
pects for its eventual experimental detection. The lightesbf the infalling particles is sufficiently small, the caustics
supersymmetric particle, usually a neutralino, is one of theould contain significant overdensities, again with a possible
prime candidates. To detect or rule out particle dark mattetletectable gamma-ray flux as a resuilt.
such as the neutralino is obviously an important experimen- Some general results on the increased indirect detection
tal undertaking. However, most detection methods dependignals of supersymmetric dark matter in a clumpy halo were
quite sensitively not only on the propertiéhe exact values obtained in[7]. With the models mentioned we now have
of the mass and cross sectiprg the candidate particle it- two specific scenarios with which to make more quantitative
self, but also on the distribution of dark matter in our galacticestimates of the possible enhancements. In this paper we first
halo. This is starting to be probed in computer simulationgnvestigate the magnitude of the enhancements from the hi-
and to some extent also through analytical modeling of therarchical clustering model. We adopt the results from the
formation history of dark matter halos. numerical simulations performed 8], but supplement that

The currently most fashionable model of structure forma-analysis with actual values for the annihilation cross sections
tion is that of primordial fluctuation-seeded hierarchical clus-which we compute. We focus on the neutralino, since, as
tering, whereN-body simulations are beginning to have high mentioned, it arises naturally in supersymmetric extensions
enough resolution to give information on sub-galactic scale®f the standard model as a good dark matter candidate, but
[2]. In this class of models, galactic halos usually have a verpur results should be applicable to the more general class of
complicated merging history leading, in the infall picture, to WIMPs. We are primarily interested in the gamma ray flux
extensive irregular foldings of the initially thin phase sheets(both continuous and monochromatic linesnce this is not
on which the dark matter particles were lying at the time ofsmeared by propagation uncertainties. Then we also consider
kinetic decoupling from the primordial plasma. As shown inthe flux of gamma raysin this case mostly the continuous
a recent work by Caleceeo-Rolda and Moord 3], the galac- gamma raysfrom annihilations in the closest caustic ring in
tic halo in this scenario contains a lot of substructure leadinghe model of Sikivie. This has not been studied before, un-

like the case of direct detection, where the caustic flows have
been shown to lead to some interesting possible effects, such

*Email address: Ibe@physto.se as a reversal of the annual modulation pattern caused by the
"Email address: edsjo@physto.se motion of the solar system in the hdl8].
*Email address: cg@physto.se We work in the minimal supersymmetric standard model
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(MSSM) (see[1,9] for reviews of supersymmetric dark mat- lent to the galactic latitude, except that it can take on values
ter). We also estimate the increased flux of antiprotons whicHarger than 90°, withy=180° corresponding to the anti-
is correlated to the continuous gamma ray flux and compargalactic center. We assume that the Earth is located in the
it to the BESS 1997 measuremefi®] on antiprotons. z=0 plane. The integral is carried out along the line of sight,
In the next section we briefly review the signal patternsL. N, is the number of photons created per annihilation. In
and fluxes expected for a given halo model. In Sec. Ill wethe case of continuous gamma rays, we will compute the
will define the MSSM framework we work in and describe integrated flux above 1 GeV, 90, is the number of photons
how the gamma ray yield is calculated for a given MSSMabove 1 GeV per annihilation antb is the total annihilation
model. In Sec. IV we compute the gamma-ray flux in thecross section times the relative velocity of the annihilating
hierarchical clustering model, then the Sikivie model for particles, i.e., the annihilation rate. We will also give predic-
caustic rings and its implications is treated extensively intions for the annihilation into the final statesy and Zy

Sec. V. Finally, we conclude in Sec. VI. which give monochromatic photons; in this cdgeis 2 and
1, respectively(Of course, theZ boson in theZy final state

Il. GAMMA-RAY SIGNALS: will also give gamma rays in its decay, but these mainly

GENERAL CONSIDERATIONS populate low energies and are included in the continuous

gamma ray flux. To obtain the flux for a specific angular
acceptance we also have to integrate aver.

Substructure in the galactic halo may be weak and narrow To factorize the part that depends on the particle physics
features on the sky so a telescope with large detection argaodel from the part that depends on the halo structure, we
and good angular resolution might be preferable to a teleean write the gamma ray flux as
scope with small area and large angular acceptaade,

A. Signal fluxes

However, any search for halo features has to face the uncer- D (7,A0)=8-J(7,A0), 2
tainty in the location of these narrow features which thus
may be difficult to find. where the particle physics dependent part is

Perhaps the best strategy would be to use a large angular
acceptance detector such as the Gamma-ray Large Area N
Space TelescopéGLAST) satellite[11] to search for ex- S= 72 3)
tended structures such as “hot spots” in the gamma-ray sky my

or the ring-like pattern expected from the caustic rings, and .
once discovered, their detailed properties could be investif-de the halo structure-dependent part is
gated with a telescope of larger area but smaller angular 1

acceptance, such as the Air Cherenkov Telescdpes's) J(n;AQ)z—f f D2(1)dl(5)dQ. (4
currently being planned or builiL2]. As an aside, it may be 4mJsolL
mentioned that in the Energetic Gamma Ray Experimen
Telescope EGRET) catalogue of unidentified point sources

with steady emission, there could in principle be a contribu-‘](”):

t - . .
We will in the following also use the solid angle average of

tion from the “exotic” gamma-ray sources discussed here. I AQ)

The y-ray flux from WIMP annihilations in the galactic Fao(7)=—c— (5)
halo is given by{13] AQ

N.ov B. Background estimates
_ Y 2
®,(n)= Al J,_D (Dal(#), (1) The diffuse y-ray background has been measured by
X EGRET[14] and can be approximately fiL5] by
whereD(l) is the halo mass density of WIMPs at distarhce dN(E,,I,b) E, s
along the line of sight. We will focus on the gamma ray flux —ag. N ,b)( 1Gev
off the galactic plane, and defingto be the angle between Y
the direction of the galactic center and the line of sight in a X107 % cm?s1Gevisr!, ()
plane perpendicular to the galactic digknd with both the
Earth and the galactic center in the plane is thus equiva- where
|
855 +0.5, |I|=30
.5, =30°,
V1+(1/352y1+(b/1.1+]1]0.022?
No(l,b) = 7
85.5
+0.5, |l|=30°,

V1+(1/35)%\1+(b/1.8)?
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TABLE I. The ranges of parameter values used in our scans of The MSSM has many free parameters, but following
the MSSM parameter space. Special scans aimed at interesting stdlommon praxis we introduce a number of simplifying as-

regions of this parameter space have also been performed. sumptions which leaves us with 7 parameters, which we vary
between generous bounds. The ranges for the parameters are

Parameter Mz tang  ma  mo Ay, A shown in Table I. In total we have generated about 93000

unit GeV GeV 1 Gev Gev my my  models that are not excluded by accelerator searches.

Min 50000 —50000 1.0 0 100 -3 -3 We check each model to see if it is excluded by the most

Max 50000 50000 60.0 10000 30000 3 3 'ecent accelerator constraints, of which the most important

ones are the CERN" e~ collider LEP boundg$20] on the
lightest chargino mass,

andl andb are the longitude and latitude respectively, in the

sky. We adopté=—2.7 as in Ref[15]. Since this param- 91 GeV, |le*_mX2|>4 GeV,
etrization is discontinuous &t=90° we smooth it to join the My = 85 GeV  otherwise

branches fob—90°, I=0° andb—90°, 1=180°. ’

9

and on the lightest Higgs boson MaB;30 [which range from

91.4-107.7 GeV depending on st «) with « being the
A. Definition of the MSSM and the neutralino Higgs mixing angl¢ and the constraints frol— sy [21].

To make specific predictions of the expected gamma-ray We only consider those MSSM models where the neu-
fluxes possible from WIMP annihilation, we will now as- tralinos can make up most of the dark matter in our galaxy
sume that the dark matter particle is a supersymmetric, eleand therefore impose the cosmological constraint 0.05
trically neutral particle. We will work in the minimal super- <Qxh2<0-5 where we have calculated the relic density ac-
symmetric standard modelMSSM) [16,9] using the cording to the procedure described in R@R2]. Hereh is the
computer COd®ARKSUSY [17] to make our quantitative pre- scaled Hubble constantlo=h-100 kmsMpc 2, with
dictions. The lightest stable supersymmetric particle is inpbservations givingi=0.65+ 0.15.
most models the neutralino, which is a superposition of the
superpartners of the gauge and Higgs fields,

Ill. NEUTRALINO ANNIHILATION AS A y-RAY SOURCE

B. Gamma rays from neutralino annihilation

_ _ _ _ _ Gamma rays with a continuous energy spectrum mainly
X=NyB+ Ny W3+ NygH O+ Ny HS. (8)  originate from pions produced in quark jets. We have simu-
lated the hadronization and/or decay of the annihilation prod-
For the masses of the neutralinos and charginos we use thets with the Lund Monte CarleyTHIA 6.115[23]. We have
one-loop corrections as given i8] and for the Higgs bo- also computed the flux of monochromatic gamma lines that
son masses we use the leading log two-loop radiative corre@rise from neutralino annihilations tgy and Zy at the
tions, calculated within the Feynman diagrammatic approach-loop level[24], and which would provide an excellent sig-

with the computer codeEYNHIGGSFAST[19]. nature of dark matter if detected. In Fig. 1 we plot the
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FIG. 1. TheS-factor for gamma rays. lita) the continuousy-ray flux above 1 GeV is shown versus the neutralino mass arfd)in
max(S,, ,Sz,) for the monochromatic gamma ray lines is shown versus the gamma ray energy.
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FIG. 2. TheS factors for continuougs andy lines versus the flux of antiprotons as calculated for a smooth halo.

S-factors for continuous gamma rayabove 1 GeY and IV. THE HIERARCHICAL CLUSTERING MODEL

gamma ray lines respectively, wheSes defined in Eq(3). A. Results from N-body simulations

The S-factors have been calculated withrksusy [17]. The ) .

maximum for the continuous gamma rays $gonc- 150 We first consider the “standard” model of structure for-

%10~ Pt Gev-2 and occurs atm 57 Gey  Mation, hierarchical clustering of cold dark matter. Here we
X

whereas the maximum for the monochromatic gamma ra)make use of the regults in a recent paper by Cmio;:RoIda
liNES iS.S, ne (maxy~ 0.0076< 10°% cnPs ! GeVv 2, which and Moore[3], which we now briefly summarize. They

chose from a larg&l-body simulation aimed at representing

oceurs for gnn|h|lat|on Intoyy at mX:.78 Gev. We will use the local group, a simulated dark matter halo at redshift
these maximal values of th&factors in our estimates of the . . .
=0 having a peak circular velocity of around 200 km/s and

z:?;:sl below to get the “best-case” scenario with the hlghestma:ss 16°M ., within the virial radius of 300 kpc. They com-

puted the local density distribution of this halo by averaging
over the 64 nearest neighbors at the position of each particle

C. Correlation with antiproton fluxes in the simulation. They then estimated the flux of annihila-
tion photons by using a discretized version of our E4,

It is well known that whenever there is a large annihila-Where the line of sight integral was replaced by a discrete
tion signal in continuous gamma-rays, there tends to be §Um over radial increments of length 1 kpc, and an angular
large number of antiprotons also creaf@d This is due to Window sizeAQ=1°x1° was used for the binning of a sky
the fact that both mainly emanate from quark jets formed ipmap. Since the halo used showed the charact_enstlc_trlaxml,
the annihilations.(On the other hand, antiprotons and roughly prolate, shape found iN-body simulations(with

amma-rav lines are much more weakly correlated due t(gatio of short to long axis of 0.5 and intermediate to long axis
g yl . y ratio of 0.4, it is of non-negligible importance where one
completely different production procesge¥herefore, one uts the observefchosen to be 8.5 kpc from the centelf
has to check whether the predicted gamma-ray fluxes al = P

. . . . the long axis is in the direction of the galactic center, the flux
consistent with the present experimental bounds on antiprqy, obviously be higher in both the galactic center and an-
tons[10].

) ) ticentre direction than if one of the shorter axes is in that
In Fig. 2 we show thes factors versus the antiproton flux girection. The difference can be almost an order of magni-
as calculated in a smooth halo scen4@b] (with an isother-  ,de in directions away from the galactic center, which is an
mal sphere halo profileand as expected, the correlation be-interesting point to notice, since it is independent of the ex-
tween the antiproton flux and the continuous gamma ray fluxstence of substructure. We will use the result where the solar
is very strong, whereas the correlation with the monochrosystem is put on the short axis.
matic gamma ray flux is weak. In the simulations, substructure seems to be abundant on
We will in the following sections give predictions for the all scales, even down to velocity dispersions of a few meters
gamma-ray flux in the two structure formation scenaftlis  per second, with a radial profile in the clumps being consis-
erarchical clustering or causticsand we also estimate how tent with a very steeper 1 behavior. This makes the
much the flux of antiprotons would increase in the two scejprediction of the flux very uncertain, since the line of sight
narios and compare with the BESS bound. integral will diverge unless a cutoff is introduced. A physi-
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FIG. 3. Gamma ray fluxes from substructures as seen ifthedy simulations if3]. Shown is the flux averaged in strips 1° high and
44° wide as a function of the galactic latitueased on Fig. 10 ifi3] and on our computed-factors in Fig. 1. In (8 the continuous flux
above 1 GeV is shown and i) the flux of monochromatic gamma lines is shown. In both figures, the expected diffuse background, Eq.
(6), and the expected flux from a smooth isothermal sphere are shown for comparison.

cally unavoidable cutoff will eventually be set by the self- the local halo densityD,=0.3 GeV/cni. As can be seen,
annihilation rate of the dark matter particles. Unfortunately,the expected flux in the hierarchical clustering scenario is
the mass involved near the cusps of these substructukgsry high and the maximal MSSM model chosen here would
clumps is quite small and may be strongly affected by interip fact already be excluded for this scenario.

action with the baryonic component. This interplay of non- |t js intriguing that the angular distribution of the diffuse
baryonic and baryonic matter is presently very poorly underfiyx measured by EGRET is consistent with a contribution
stood, to the point that even the existence of any dark mattgtom neutralino annihilation giving a peak in the direction of
substructure at all in cold dark matter halos is being disputedhe galactic center. However, convincing evidence of a signal
In lack of a good description of the interplay of non-baryonic can only be obtained when GLAST provides also the energy
and baryonic matter, the only softening of the singularity thalspectrum in the interesting range. Of course, detection of a
is included in the calculation of(7) is the self-interaction  gamma-ray line would be a striking verification of the WIMP
cutoff. annihilation hypothesis.

To get an estimate of the gamma ray fluxes expected in \yjith the fluxes given in Fig. 3, we can estimate the event
the hierarchical clustering scenario we will use Fig. 10 infgtes with GLAST. Let us focus on the peak at a galactic
Ref.[3] where the integral along the line of sight was calcu-|atitude of b=—33°. For continuous gammas, the flux in
lated, i.e. essentially our E¢4) as a function of the galactic thig peak is about £ 10™* cm~2s 1sr L. Assuming an ef-
latitude, b (or » in our notation. An angular resolution of fective area for GLAST of Aer) =5000 cnf and an integra-
aboutAQ)=1°X1° was assumed and the flux was averagedion time of 1 year, this corresponds to %%0° events.
over a strip of height 1° and width 44°. In Fig. 3, we have Hence, the peak would easily be visible with GLAST, even
plotted the flux expected for the MSSM models giving theafter a reduction by a factor of ten needed for consistency
maximal continuum flux and the maximum line flux in the with the existing background measurements. For the gamma
hierarchical clustering scenario. The diffuse background alsqaay lines, the fluxes are lower, and for the same peak at
shown can be viewed as a limit on the unexplained observed _33° the flux is about £10°8 cm 2s lsrl This
gamma ray flu. We have also plotted the flux that we would correspond to about 60 events in GLAST, which since
would expect in a smooth halo scenario, where we have us&fjese photons are monochromatic would also be easy to see.
an isothermal sphere, see E@j5) below, with a scale radius e also see from the figure that there are other peaks with
of a;=4 kpc, our galactocentric distancBy=8.5 kpc, and  even higher fluxes that would give even higher event rates in

GLAST.
With Air Cherenkov TelescopesACTs), sensitive to
Uit should be noted that the background flux between around 3@amma radiation, these signals would also be visible, but
and 300 GeV has not been measured but is an extrapolation gince these need to be pointed in theriori unknown di-
EGRET data. Only with the upcoming ACTs and, in particular, rections of the overdensities, they can mainly be used for
with the GLAST satellite will this energy range be measured withfollow-ups if GLAST would see indications of an enhanced
precision. flux.

083515-5



BERGSTRO, EDSJQ AND GUNNARSSON PHYSICAL REVIEW D63 083515

B. Antiprotons put on a spherical shell. This shell will then oscillate onto

We now estimate the increase of the antiproton flux in the2d out of the galaxy producing inner and outer caustics. |f

hierarchical clustering scenario compared to the smooth halj€ Particles have finitial net angular momentum, caustic
scenario. The antiproton flux depends essentially on the aings perpendicular to the axis of rotation are formed. The
caustic rings will be a persistent feature in space, as there

erage of D2 (with D being the neutralino halo density “© :
within the closest few kpc. We do not have access to the fullVill @lways be shells turning around.

N-body simulation results, but estimate that the increase of By.de_ﬂmtlon, the densny. IS strongly increased wher(_a a
the integral ofD? locally is about the same as the increase inc2uStic is formed. In fact, if the particles have vanishing
the gamma ray flux at high galactic latitudes. From Fig. 3,initial velocity dispersiong,, the density diverges. We wil
we read off that this increase is about a factor of 5-10 comP€dlect the velocity dispersion when deriving the general

pared to the smooth halo scenario. Hence, we expect that ti§ap€ and location of the caustics, but introdugc
antiproton fluxes in Fig. 2 would increase by roughly this = 10"~ when we consider the detailed density distribution

factor. For the gamma ray lines, where the correlation be_clo;e to the caqstics. The value of the ve!ocity dispersion is
tween the gamma ray and antiproton signal is weak, we cafyPical of what is expected for a WIMP with a mass of the
easily find MSSM models with high gamma ray fluxes thatqrder of 100 GeV. The reason is that although the relic den-
would not violate the BESS bound on antiprotons. For thes'ty Of @ WIMP of massm is fixed by the freeze-out from
continuous gamma ray fluxes, where the correlation is strorchemical equilibrium at the high temperature of around
ger, the MSSM models with the highest gamma ray fluxes,mlz_o’ it W|II_ stay in kinetic equilibrium through Weak_lnter—
would produce an antiproton flux that is a factor of 5—10actions until a temperaturg,, around 1 MeV. The primor-
higher than the current BESS bounds. Hence the highest fiuial  velocity dispersion is  thus roughlyy3Ty,/m
models would seem excluded. However, the uncertainty of-5-10%y100 GeVim. The redshift factor sincel,~1

the predicted antiproton fluxes are about a factor of 5 and ouMeV is of the order of 6< 10™, giving the quoted resullt. It is
estimate of the increased antiproton flux is uncertain by aworth to point out, however, that the effective velocity dis-
least a factor of 2. Hence, even the highest flux models mapersion due to e.g. a clumpy infall might be much higher,
be marginally consistent with the antiproton limits from Significantly changing our results. We will come back to this
BESS. For this reason we have chosen not to exclude thefisue in Sec. VG.

from our plot. We also note that even if we pick a model a

factor of 10 lower, we would still get a continuous gamma B. The density profile

ray flux significantly higher than the background, without

having any problems with the antiproton fluxes. We label the particles arbitrarily by a 3-parametar,

(which could, for instance, be the position of the particle at a
o given initial time. The flow of a particle is completely speci-
C. Uncertainties fied by giving for each time its spatial coordinatéa,t). If

We end this section with a short discussion of the uncerwe haven different flows atx andt, we can write the solu-
tainties. As mentioned, the value df7) depends strongly tions ofx=x(a,t) ase;(x,t), wherej=1, ... n. To obtain
on the assumed density profile for the clumps themselvedhe total number of particled\, we integrate the number
Here, only the self-interaction cutoff has been applied, whicrdensity of particles ovea-space,
means that these predictions should be regarded as rather 3
optimistic. On the other hand( ») is averaged over a quite N= d°N(a)
large solid angle,AQ=1°%x1°=0.13 sr, whereas e.g. da;daydas
GLAST will have an angular resolution of abouft(}
=10° sr. Due to the effect of individual clumps, if one

dia. (10

Mapping onto position space gives the number density

would bin the sky inAQ=10""° sr bins, the fluctuations no3
P : d°N[ e;(x,t)] 1
would be much larger than those seen in Fig. 3, i.e., the d(x,t)=> ] (11)
clumps would appear as hot spots on the sky. =1 daydazdas [D(a,t)]e
V. CAUSTIC RINGS OF DARK MATTER where detgx/da)=D(a,t) is the Jacobian of the magp

—X. WhereverD(a,t)=0, the density will diverge, and
As another example of a model having halo structurenhence caustic surfaces are associated with zer@s of
which could give rise to potentially observable dark matter We assume that the flow of particles is axially symmetric
?‘r]l”lir”a?c’” signals ;{VG ”O‘I’V cor\ﬁider'”smoo;[h ‘iﬁrk mztt?rabout thez-axis (coinciding with the rotation axis of the
infall onto a pre-existing galaxy. We will employ the mode . L .0
of Sikivie [6] for the formation of caustic rings of dark mat- g;’;llaxy _and aljo refIf? ction symmetric W'Ith respect to ﬁh ¥ di
ter. We first review the parts of Sikivie’s model needed toPane, I.e. under re eCt'OE_Z' We also assume the di-
calculate the gamma ray flux from the caustics. mensions of the cross sec_tlon of the caustic ring to be small
compared to the ring radius. L&(ty) be the turnaround
radius for a shell at tim&, in thez=0 plane and le& be the
ring radius. We then parametrize the flowxd9,,¢q,to;t),
The dark matter particles, assumed to be collisionless angtherex is the position vector at time of the particle that
having a very low intrinsic velocity dispersion, are initially was at polar and azimuthal angleésand ¢, on the sphere of

A. Infall model
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z 08 T have two(four) terms if we are outsidénside the tricusp,
g r ] corresponding to the number of real roots to the caustic con-
8 06 - B dition.
r ] The model of Sikivie has a set of caustic parameters that
04 - 7 describe it. To find these we assume that the turnaround
C ] sphere is initially rigidly rotating and that it initially really is
02 - p a sphere, not just an axially symmetric topological sphere.
L ] As mentioned, the axis of rotation for the sphere is assumed
o0 r E to coincide with the axis of rotation of the luminous parts of
02 E g the Galaxy. We also have to make an assumption about the
Tor ] distribution of the smooth component of the dark matter dis-
04 L B tribution (i.e. not associated with the caustic flowsVe
r 7 adopt the time-independent potential
0.6 : ] . (R
Y B S A A A AR A A S U(r):_vrotlnr’ (14)
76 78 8 82 84 86 88 9
p [kpc] since this potential produces perfectly flat rotation curves

with rotation velocityv,,;. For comparison, we have also

FIG. 4. Plot of points where the density exceeds 1.0 Ge¥/cm sed the modified isothermal sphere with a density distribu-
Note that forRy=7.9, 8.2 and 8.5 kpc, we are situated inside thetion

tricusp.

: N : aZ+Rj3
radiusR(ty) att=ty. Axial symmetry suggests we use cy- Diso(r):'DOC— (15)
lindrical coordinates withp independence. Therefore we let aZ+r?

p(a,tp;t) and z(ea,ty;t) be the cylindrical coordinates at
time t of the ring of particles initially (at ty) at §,=u/2  whereD, is the local dark matter densitfg, is our galac-
—a. The number density can now be shown to[l&, Eq.  tocentric distance and, is the scale radius, without obtain-

(4.1)] ing any significant changes. To obtain the caustic param-
eters, we have followed the procedure/&. The interested
1 d®N(a,to) 1 reader can find the result and more details about the caustic
d(p.z,t)= 27p 21 dadty, [Dy(a,ty)] ' parameters in Ref26]. We do not give them here since the
] , () =(ato); actual values themselves are not very illuminating.
(12) To find the density profile we first rewrite E(L2) into a
more useful form. By reparametrizing the equation according
where toto=7—Aty(@) we havedty=dr. Due to axial symmetry,
the solid angledQ)=sinaddde can be rewritten agl()
a_P ‘9_9 =2 cosada. Noting thatdN=dM/m, with M being the
da dtg total mass of particles with mass, we get
DZ(a!tO) = ) (13)
9z 9z d°N  2mcosa d’M
Ja Ro dadt, m, dQdr’ (16)

and (a,tp); are the solutions of the equatiops-p(a,tg;t) As mentioned earlier, in this model the solar system should
andz=2z(a,tg;t). be closest to caustic ring number five, and following RE¥,
In this case, the caustic conditioD,=0 becomes a we find, for this caustic ring,
fourth-degree equation i having four solutions, some of
which may be complex and hence unphysical. A closer in- d?m 72V(0)v,20t

spection shows that a caustic is a border between regions —deT—lO TonG (17)
with different numbers of flows. In Fig. 4 we show the cross

section of the fifth caustic ringwhich is the one closest t0 \yhereG is Newton’s gravitational constant a{0) is the
us), where regions with a density exceeding 1 GeVitrave __velocity at the point of closest approach to the galactic cen-
been indicated. We see that the caustic ring resembles a "t j e at the caustic. This was obtained via a self-similar

cusp.” Inside the; tricus_p, there are fouf flows and outsidenta)| model using a scale parameter0.2 defined in Ref.

there are twd. This implies that the sum in Eq12) should [27]. However, the model dependence eris quite weak
[28].

To obtain the mass density from Ed.2) we must multi-

AWe do not take into account the flows not associated with theply d(p,z,t) by m,, which cancels the factor i, in Eq.
caustic. (16). Finally, by combining Egs(12), (16) and(17), we can
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§ U I B I IR B TABLE Il. Summary of the peak values df,q(7) for the
NE; r b cases considered.
<
- . - i
2 AR‘;;slzls{: AQ Ro M max Fao ( 7]max)
-~ | i [sr] [kpc] [rad] [10?* GeVPem ®srl]
gg 1071 8.5 0.54 0.26
5 8.2 0.78 0.22
g7 T 7.9 1.15 0.29
E 1 1073 8.5 0.54 0.96
£ i i 8.2 0.79 0.91
é L 1 7.9 1.17 1.34

L _ 1075 8.5 0.53 2.20

| | 8.2 0.79 4.05

7.9 1.18 3.05
v v v el vl vl il vl
010”102 10™ 10" 10° 108

cal angular acceptances)=10"1,10"2 and 10° sr. All

these scans have maxima at the angles corresponding to the
FIG. 5. The maximum flux)( 7m0, as a function of the veloc-  cusps, since the density is strongly enhanced there. The sym-

ity dispersion, 8,/c. As the velocity dispersion increases from metry implies a peak also at » if there is a peak ay. The

about 10**to 108, the cutoff density decreases about three ordersnaximum value ofF ,(7) from all scans was found ap

of magnitude, from 2500 GeV/chto 2.5 GeV/cni (with 800  ~0.79 rad,AQ=10"° sr andR,=8.2 kpc. Table Il gives

GeVient? at 5,/c=10"%). the maximum values oF yo(7) for the differentAQ and

Ro. The angle which gives the maximum Bf,(7) is de-

noted 7ax-

Velocity dispersion, &, /c

obtain the value for the mass densify, of dark matter close
to the fifth caustic ring in the Milky Way.
A diverging density at the caustics results from our as-

sumption of zero velocity dispersion, which of course is an  Tg see whether the signal is potentially detectable, we
over-simplified assumption. We thus reintroduce a non-zergaye plotted the signal of continuous gamma rays from the
velocity dispersion by estimating how much a given velocity caustic ring, the flux from annihilations in the smooth halo of
dispersion would smear the caustic. We do that by considergq. (15), the background and the sum of the three in Fig. 6

ing a particle falling into the potentidli(r). If we change for AQ=10"° sr. For the smooth part we use®,
the initial velocity of the particle with the velocity disper-

sion, we obtain a difference in the location of the point of
closest approacki.e. the location of the caustic ringWe

can then use this difference as an estimate of how much the
caustic ring is smeared by the velocity dispersion. The sim-
plest way to take the smearing into account is to apply a

C. Background to signal comparison

ot
(=]
g
i
=)

-
=

cutoff in the density whenever we are closer to the caustic
than the smearing scale. For a velocity dispersiord,ofc
=103, this corresponds to a cut-off in the densityZa,
=800 GeV/cn. Since the density only diverges asl/\I1
with | being the distance to the causf#], we are not very

Flux, ® [photons cm'zs'l]
o
=

-
=]

-
N

Total

- - Background

+++ Smooth component
------- Signal

sensitive to the actual value of the cutoff density as can be
seen in Fig. 5. In our calculations we have used a cutoff
density of D =800 GeV/cm.

For comparison we have also used a Gaussian smearing
of the density distribution with the same smearing length
scale as the cutoff length scale. The two methods give prac-
tically the same result and we have used the cutoff method in
our actual calculations.

In Fig. 4, all points whereD(p,z)>1.0 Ge_V{crﬁ are FIG. 6. Flux of gamma rays above 1 GeV from the caustic, the
plotted. From the figure we note that for realistic values ofgmgoth halo, the background and the sum of themaffr=10"5
Ro of about 8-8.5 kpc, we are locateéaside the tricusp,  s; A maximum flux SUSY model was used for the signal and the
which is very interesting from the point of view of the pos- smooth part. For the smooth halo an isothermal sphere with the
sibility of detection. scale radius.=4 kpc and the local densi®,=0.2 GeV/cni was

Now focus onF (7). ForRy=7.9, 8.2 and 8.5 kpc the used. Our galactocentric distance was seRfp=8.2 kpc, but the
angular range €& = was scanned for three different typi- results are essentially the same for other values.

T T T
LTl

i
-13 £
- , 4

S, -7

10

T
1
Ll

T

0.5 1 1.5 2

25 3
N [rad]
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h

g 19

cosf=

and

Rsing

tany= Ro+Rcose

(20

FIG. 7. Definition of the coordinate system used. Ring elements of constant fllRdee, are now mapped onto
the sky as

=0.2 GeV/cni anda,=4 kpc. (The reason for not putting de
Dy=0.3 GeV/cni as before is that we expect about 1/3 of Rdee,—[r|dde,+|r|sin 6d¢e¢=|r|(—>d<pe0

the dark matter to be in the caustic floW@ur galactocentric de

distance was set t&,=28.2 kpc, but the results are essen- dos

tially the same for other values. The SUSY model used for +|r|sin 9(d—)d€09¢- (22)

the signal and smooth parts is one of maximdrn Fig. 1. ¢

The figure shows that the signal is quite small even for SUCl, ) this we can read off the inverse of the Jacobian, which
a SUSY model and as is implied in Fig. 1, most modelsis the “magnification” M '
produce a flux several orders of magnitude smaller which '

would make the signal vanishingly small compared to the R

background. Hence, the flux shown in Fig. 6 should be re- M= (22
garded as a best-case scenario with the highest possible flux 3\/ - dy\* [(de)?

from the caustic rings. We thus conclude that the possibility r[7/sime do + do

of detection in the caustic ring model, unlike the hierarchical ) )
clustering model, is quite marginal. In Fig. 6, we plotted theWhere an extra factor df|? in the denominator accounts for
continuous gamma ray flux, and for the gamma ray lines, théhe geometrical fall-off of the flux with the square of the
figure would look essentially the same, but with fluxes abouglistance. Introducing the dimensionless parameters
a factor of 5< 10" ° lower. h

Ir Ro

K==, , E&=—, (23
D. Intensity pattern on the sky R g R R

The signal from the caustic ring is very narrowly local- we obtain, after some algebra,
ized in the sky angley. To investigate how the full signal
pattern would appear on the sky, we can then make the sim- ﬁ 2_ K? _2 i o4
plified assumption that the source function for the gamma- de) p°—«? p4$| @ (24
ray emission is given by a delta-functions®[r—rq(¢)],
where ¢ is an azimuthal angle parametrizing the ritgge  and
Fig. 7 for the notation ) )

Since each mass element of the ring locally gives rise to (d_¢’> _ (1+¢cose) 25
the same isotropic gamma-ray flux, the signal seen near the de/ (1+£&+2&cose)®’

Earth’s location can be estimated analytically by geometrical ) )
considerations. Define spherical coordinates on the celestifiom which we can compute the flux as a function of angle
sky 6 and ¢ where 6 is the polar anglegmeasured with ©On the sky by use of Eq22).

respect to a z-axis which is tied to the solar system and We now normalize the magnification to 1 for the part of

pointing perpendicularly to the plane of the Galpand is thel ring that is clgsest to us. In Fig. 8 we show the magnifi-
an azimuthal angle witky=0 corresponding to the direction Cation as a function of the integrated space angle along the
of the galactic center. caustic ring. We clearly see that the S|gnal_|s fairly high out
We now consider one of the two closest rings correspondt-o about 60° from the dlrecthn to the galactic center. Furthe_r
ing to the cusps az#0 in Fig. 4, which are inside our aWway; the flux drops dramatically because of the geometric

position in the Galaxy, let us take the one which lzash  fall-off with distance.
>0, and radiusk. (Due to thez symmetry, the two rings _ _
give precisely the same signallhe location vector on the E. Detection potential

ring can be written We will now investigate if the Gamma-ray Large Area
_ . Space Telescop&GLAST) [11] would be able to see even
r=(Ro,0h)+R(cosg,sine.0), 18 ihe best-case signal.

We assume the same maximal SUSY model as in Fig. 6
where the point nearest to us has- = 7, and the furthest and useAQ =10 ° sr, which is close to GLAST’s expected
point corresponds t@=0. Both angle®) and can now be angular resolution. We then integrate the signal over the
computed: nearest 100° of the caustic ring, where the average magnifi-
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[

G. Uncertainties

We have two classes of uncertainties in this derivation of
the gamma ray flux from the caustic rings. The first one
comes from the fact that we do not know the MSSM param-
eters and this alone gives an uncertainty of several orders of
magnitude, as seen in Fig. 1. The second one are the uncer-
tainties in the caustic model by Sikivie.

The main uncertainty is the assumption of smooth con-
tinuous infall of collisionless dark matter with a very small
velocity dispersion, of the order &, /c=10"*% As N-body
simulations seem to suggest, structure forms hierarchically
and the infall to our galaxy should not be smooth, but rather
clumpy. In this case, we would get an effective velocity dis-
persion much higher than 16° Some of the structures of
10 -3 L | | 1 | | | the caustics might remain, but the significant density increase

0 50 100 150 200 250 300 we have found here would be washed out and the signal
could be reduced by orders of magnitude. On the other hand,
in this case, the signal from the clumps themselves could be

FIG. 8. Relative magnificatioM as a function of the inte- detectabld3] as we saw in Sec. IV.
grated sky angle along the ring for three different galactocentric The infall model itself also has some uncertainties. For
distancesR,. instance, we have assumed that the infalling sphere is rigidly

rotating, which might not be a realistic approximation. We
cation(compared to the closest part of the fingaround 0.8 have also assumed that the axis of rotation is the same as that

: ; f the luminous matter in our galaxy. This might depend on
according to Fig. 8. We further assume that the average er; . X
fective area will be/Az)=5000 cn? and that we integrate he details of how the bulge and disk were formed, and need

for one year. In this strip we would then expect around 4Od10t be the case.
year. in P P Given these uncertainties, our strategy has been to inves-
events of continuous gamma rays above 1 GeV from th

%gate if there is a detectable signal even with the most opti-

caustic ring and about 1700 events from the diffuse backgjgtic assumptions. We have found that the detection poten-

grour_ld as m_easured by EGRET. Hence,_this Wpuld not be_ﬁa| is very weak although not zero under extremely

prominent signature on the sky, especially since generigptimistic assumptions.

MSSM neutralinos give much lower rates. The total number

of evgnts_from.thle gamma ray lines would be about O.Ql VI. CONCLUSIONS

even in this optimistic scenario, so the prospects of detecting )

these are essentially zero. We end by noting that the uncer- We have supplemented the recent work by Qadta

tainty in the background estimate is at least a factor of twoRolda and Moore based dN-body simulations of structure

but this hardly changes our conclusions that the gamma rafprmation in cold dark matter models, by giving absolute rate

signal from the caustics is very hard to detect. predictions in the MSSM for the gamma-ray signal expected
Just like in the scenario with clumps, ACTs could be used?Y the clumpy substructure of these simulated halos. The

as a followupif GLAST would see an indication of a caustic. Predicted rates are quite high, making this a promising signal
to search for, both concerning continuous gamma-rays and,

if supersymmetric parameters are favorable, the distinctive
monoenergetic gamma-ray lines predicted if the dark matter
To estimate the increase in the antiproton flux from theindeed consists of WIMPs. In particular, the upcoming
caustics, we have integrat@®f with a cutoff density of 800 GLAST space-borne gamma-ray detector will be an ideal
GeV/cn? over the regionze[—0.7,0.7 kpc and p instrument searching for these intriguing patterns on the sky.
e[7.5,9.1 kpc and we find that the total annihilation rate  Motivated by the work done by Pierre Sikivie on caustic
from the caustic is about 3 times higher than that from aings of dark matter, we have also estimated the gamma ray
smooth halo in the same region. Since the antiproton fluxlux from these. However, even with very optimistic assump-
depends mainly on the total annihilation rate within the clos+tions about the infall model and velocity dispersion, we can
est few kpc we do not expect the flux of antiprotons to in-get a signal of continuous gamma rays that is only margin-
crease by more than a factor of 3 in the caustic scenario. Wally detectable by GLAST. The uncertainties in the Sikivie
then see that for the highest values&f,, we would get  model are large and relaxing some of the assumptions could
an antiproton flux that is higher than the BESS measurereduce the flux further by several orders of magnitude.
ments by a factor of about 3. However, the antiproton flux However, it is worth stressing that if we relax the assump-
prediction can be uncertain by as much as a factor of 5, so tion of a smooth continuous infall, we would reduce the flux
is still possible that these models with high.,,;are consis-  from the caustics drastically, but we would at the same time
tent with the antiproton measurements and we have thus chenhance the flux from the infalling clumps.
sen not to exclude them. We have also investigated how much the antiproton flux

oy
<

T T T

Relative magnification M
o

[y
<
5

Integrated angle along ring [deg]

F. Antiprotons
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is expected to increase in these two scenarios and found thgamma-ray detectors. This may indicate that the possibility
for the models with the highest flux of continuous gammaof detection will exist also for refined models which describe
rays, we would violate the BESS bound on antiprotons by ahe Milky Way dark matter distribution more realistically.
factor of about 3 in the caustic scenario and 5-10 in the
hierarchical clustering scenario. Taking the uncertainties of
the antiproton prediction into account, this would at best be
marginally allowed by the BESS measurements. For the
gamma ray lines, the correlation with the antiproton flux is L.B., J.E. and C.G. wish to thank the Swedish Natural
weaker, and we can easily find models with high fluxes ofScience research CoundiNFR) for support and L.B. and
monochromatic gamma rays that do not violate the BESS.E. also thank the Aspen Center for Theoretical Physics,
bounds. where parts of this work was done, for hospitality. We all
We end by concluding that it is interesting that in two want to thank Pierre Sikivie, Piero Ullio and Larry Widrow
such orthogonal scenarios of galaxy formation, the outcoméor useful discussions, and Carlos Calea-Rolda and Ben
in both may be the existence of dark matter density enhanceMoore for providing their simulation results in numerical
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