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Neutralino gamma-ray signals from accreting halo dark matter

Lars Bergstro¨m,* Joakim Edsjo¨,† and Christofer Gunnarsson‡
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~Received 18 December 2000; published 26 March 2001!

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-resolutionN-body
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 recentN-body 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 number~s!: 95.35.1d, 95.85.Pw, 95.85.Ry, 98.35.Gi
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I. INTRODUCTION

Recent determinations of cosmological parameters h
singled out a region of the matter densityVM;0.3 clearly
larger than allowed by big bang nucleosynthesis. T
coupled with many other pieces of evidence makes the e
tence of non-baryonic dark matter compelling@1#. However,
we still have no clue as to the nature of the dark matter o
than that it plausibly exists in the form of non-relativist
~cold! particles. If the particle is massive and has wea
interaction coupling to ordinary matter, i.e., it is a WIM
~weakly interacting massive particle!, there are good pros
pects for its eventual experimental detection. The light
supersymmetric particle, usually a neutralino, is one of
prime candidates. To detect or rule out particle dark ma
such as the neutralino is obviously an important experim
tal undertaking. However, most detection methods dep
quite sensitively not only on the properties~the exact values
of the mass and cross sections! of the candidate particle it
self, but also on the distribution of dark matter in our galac
halo. This is starting to be probed in computer simulatio
and to some extent also through analytical modeling of
formation history of dark matter halos.

The currently most fashionable model of structure form
tion is that of primordial fluctuation-seeded hierarchical clu
tering, whereN-body simulations are beginning to have hig
enough resolution to give information on sub-galactic sca
@2#. In this class of models, galactic halos usually have a v
complicated merging history leading, in the infall picture,
extensive irregular foldings of the initially thin phase she
on which the dark matter particles were lying at the time
kinetic decoupling from the primordial plasma. As shown
a recent work by Calca´neo-Rolda´n and Moore@3#, the galac-
tic halo in this scenario contains a lot of substructure lead
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to significant possible enhancements of the annihilation
in the overdense regions. Since the annihilation rate is p
portional to the square of the WIMP density, the gamma-
signal in the direction of these galactic halo clumps sho
be considerably enhanced compared to the case of a sm
halo profile, which has most frequently been considered
previous analyses.

In another, highly idealized model, having the virtue
being analytically treatable, proposed by Sikivie@4–6#, con-
tinuous infall of dark matter on our galaxy should give rise
ring shaped caustics of dark matter. If the velocity dispers
of the infalling particles is sufficiently small, the caustic
could contain significant overdensities, again with a poss
detectable gamma-ray flux as a result.

Some general results on the increased indirect detec
signals of supersymmetric dark matter in a clumpy halo w
obtained in@7#. With the models mentioned we now hav
two specific scenarios with which to make more quantitat
estimates of the possible enhancements. In this paper we
investigate the magnitude of the enhancements from the
erarchical clustering model. We adopt the results from
numerical simulations performed in@3#, but supplement tha
analysis with actual values for the annihilation cross secti
which we compute. We focus on the neutralino, since,
mentioned, it arises naturally in supersymmetric extensi
of the standard model as a good dark matter candidate,
our results should be applicable to the more general clas
WIMPs. We are primarily interested in the gamma ray fl
~both continuous and monochromatic lines! since this is not
smeared by propagation uncertainties. Then we also cons
the flux of gamma rays~in this case mostly the continuou
gamma rays! from annihilations in the closest caustic ring
the model of Sikivie. This has not been studied before,
like the case of direct detection, where the caustic flows h
been shown to lead to some interesting possible effects, s
as a reversal of the annual modulation pattern caused by
motion of the solar system in the halo@8#.

We work in the minimal supersymmetric standard mod
©2001 The American Physical Society15-1
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~MSSM! ~see@1,9# for reviews of supersymmetric dark ma
ter!. We also estimate the increased flux of antiprotons wh
is correlated to the continuous gamma ray flux and comp
it to the BESS 1997 measurements@10# on antiprotons.

In the next section we briefly review the signal patter
and fluxes expected for a given halo model. In Sec. III
will define the MSSM framework we work in and describ
how the gamma ray yield is calculated for a given MSS
model. In Sec. IV we compute the gamma-ray flux in t
hierarchical clustering model, then the Sikivie model f
caustic rings and its implications is treated extensively
Sec. V. Finally, we conclude in Sec. VI.

II. GAMMA-RAY SIGNALS:
GENERAL CONSIDERATIONS

A. Signal fluxes

Substructure in the galactic halo may be weak and nar
features on the sky so a telescope with large detection
and good angular resolution might be preferable to a t
scope with small area and large angular acceptance,DV.
However, any search for halo features has to face the un
tainty in the location of these narrow features which th
may be difficult to find.

Perhaps the best strategy would be to use a large ang
acceptance detector such as the Gamma-ray Large
Space Telescope~GLAST! satellite @11# to search for ex-
tended structures such as ‘‘hot spots’’ in the gamma-ray
or the ring-like pattern expected from the caustic rings, a
once discovered, their detailed properties could be inve
gated with a telescope of larger area but smaller ang
acceptance, such as the Air Cherenkov Telescopes~ACTs!
currently being planned or built@12#. As an aside, it may be
mentioned that in the Energetic Gamma Ray Experim
Telescope~EGRET! catalogue of unidentified point source
with steady emission, there could in principle be a contrib
tion from the ‘‘exotic’’ gamma-ray sources discussed her

The g-ray flux from WIMP annihilations in the galacti
halo is given by@13#

Fg~h!5
Ngsv

4pmx
2EL

D 2~ l !dl~h!, ~1!

whereD( l ) is the halo mass density of WIMPs at distancl
along the line of sight. We will focus on the gamma ray fl
off the galactic plane, and defineh to be the angle betwee
the direction of the galactic center and the line of sight in
plane perpendicular to the galactic disk~and with both the
Earth and the galactic center in the plane!. h is thus equiva-
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lent to the galactic latitude, except that it can take on val
larger than 90°, withh5180° corresponding to the ant
galactic center. We assume that the Earth is located in
z50 plane. The integral is carried out along the line of sig
L. Ng is the number of photons created per annihilation.
the case of continuous gamma rays, we will compute
integrated flux above 1 GeV, soNg is the number of photons
above 1 GeV per annihilation andsv is the total annihilation
cross section times the relative velocity of the annihilati
particles, i.e., the annihilation rate. We will also give pred
tions for the annihilation into the final statesgg and Zg
which give monochromatic photons; in this caseNg is 2 and
1, respectively.~Of course, theZ boson in theZg final state
will also give gamma rays in its decay, but these main
populate low energies and are included in the continu
gamma ray flux.! To obtain the flux for a specific angula
acceptance we also have to integrate overDV.

To factorize the part that depends on the particle phys
model from the part that depends on the halo structure,
can write the gamma ray flux as

Fg~h;DV!5S•J~h;DV!, ~2!

where the particle physics dependent part is

S5
Ngsv

mx
2

~3!

and the halo structure-dependent part is

J~h;DV!5
1

4pEDV
E

L
D 2~ l !dl~h!dV. ~4!

We will in the following also use the solid angle average
J(h):

FDV~h!5
J~h;DV!

DV
. ~5!

B. Background estimates

The diffuse g-ray background has been measured
EGRET @14# and can be approximately fit@15# by

dN~Eg ,l ,b!

dEg
5N0~ l ,b!S Eg

1 GeVD
d

31026 cm22 s21 GeV21 sr21, ~6!

where
N0~ l ,b!55
85.5

A11~ l /35!2A11~b/1.11u l u0.022!2
10.5, u l u>30°,

85.5

A11~ l /35!2A11~b/1.8!2
10.5, u l u<30°,

~7!
5-2
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NEUTRALINO GAMMA-RAY SIGNALS FROM ACCRETING . . . PHYSICAL REVIEW D63 083515
andl andb are the longitude and latitude respectively, in t
sky. We adoptd522.7 as in Ref.@15#. Since this param-
etrization is discontinuous atb590° we smooth it to join the
branches forb→90°, l 50° andb→90°, l 5180°.

III. NEUTRALINO ANNIHILATION AS A g-RAY SOURCE

A. Definition of the MSSM and the neutralino
To make specific predictions of the expected gamma-

fluxes possible from WIMP annihilation, we will now as
sume that the dark matter particle is a supersymmetric, e
trically neutral particle. We will work in the minimal super
symmetric standard model~MSSM! @16,9# using the
computer codeDARKSUSY @17# to make our quantitative pre
dictions. The lightest stable supersymmetric particle is
most models the neutralino, which is a superposition of
superpartners of the gauge and Higgs fields,

x̃1
05N11B̃1N12W̃

31N13H̃1
01N14H̃2

0 . ~8!

For the masses of the neutralinos and charginos we use
one-loop corrections as given in@18# and for the Higgs bo-
son masses we use the leading log two-loop radiative cor
tions, calculated within the Feynman diagrammatic appro
with the computer codeFEYNHIGGSFAST@19#.

TABLE I. The ranges of parameter values used in our scan
the MSSM parameter space. Special scans aimed at interesting
regions of this parameter space have also been performed.

Parameter m M2 tanb mA m0 Ab At

unit GeV GeV 1 GeV GeV m0 m0

Min 250000 250000 1.0 0 100 23 23
Max 50000 50000 60.0 10000 30000 3
08351
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The MSSM has many free parameters, but followi
common praxis we introduce a number of simplifying a
sumptions which leaves us with 7 parameters, which we v
between generous bounds. The ranges for the parameter
shown in Table I. In total we have generated about 93 0
models that are not excluded by accelerator searches.

We check each model to see if it is excluded by the m
recent accelerator constraints, of which the most import
ones are the CERNe1e2 collider LEP bounds@20# on the
lightest chargino mass,

mx
1
1.H 91 GeV, umx

1
12mx

1
0u.4 GeV,

85 GeV otherwise,
~9!

and on the lightest Higgs boson massmH
2
0 @which range from

91.4–107.7 GeV depending on sin(b2a) with a being the
Higgs mixing angle# and the constraints fromb→sg @21#.

We only consider those MSSM models where the n
tralinos can make up most of the dark matter in our gala
and therefore impose the cosmological constraint 0
,Vxh2,0.5 where we have calculated the relic density a
cording to the procedure described in Ref.@22#. Hereh is the
scaled Hubble constant,H05h•100 km s21 Mpc21, with
observations givingh.0.6560.15.

B. Gamma rays from neutralino annihilation

Gamma rays with a continuous energy spectrum ma
originate from pions produced in quark jets. We have sim
lated the hadronization and/or decay of the annihilation pr
ucts with the Lund Monte CarloPYTHIA 6.115@23#. We have
also computed the flux of monochromatic gamma lines t
arise from neutralino annihilations togg and Zg at the
1-loop level@24#, and which would provide an excellent sig
nature of dark matter if detected. In Fig. 1 we plot t

of
ub-
FIG. 1. TheS-factor for gamma rays. In~a! the continuousg-ray flux above 1 GeV is shown versus the neutralino mass and in~b!
max(Sgg ,SZg) for the monochromatic gamma ray lines is shown versus the gamma ray energy.
5-3
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FIG. 2. TheS factors for continuousgs andg lines versus the flux of antiprotons as calculated for a smooth halo.
ra

e
es

la
e

i
d

a
pr

x

e
flu
ro

e

ce

r-
we

y
g
t
nd
-
ng
ticle
la-

ete
lar

y
xial,

xis
e

ux
n-
at
ni-
an
ex-
olar

t on
ers
is-

ht
i-
S-factors for continuous gamma rays~above 1 GeV! and
gamma ray lines respectively, whereS is defined in Eq.~3!.
TheS-factors have been calculated withDARKSUSY @17#. The
maximum for the continuous gamma rays isSgcont;150
310230 cm3 s21 GeV22 and occurs at mx557 GeV
whereas the maximum for the monochromatic gamma
lines isSg line (max);0.0076310230 cm3 s21 GeV22, which
occurs for annihilation intogg at mx578 GeV. We will use
these maximal values of theS-factors in our estimates of th
signal below to get the ‘‘best-case’’ scenario with the high
fluxes.

C. Correlation with antiproton fluxes

It is well known that whenever there is a large annihi
tion signal in continuous gamma-rays, there tends to b
large number of antiprotons also created@7#. This is due to
the fact that both mainly emanate from quark jets formed
the annihilations. ~On the other hand, antiprotons an
gamma-ray lines are much more weakly correlated due
completely different production processes.! Therefore, one
has to check whether the predicted gamma-ray fluxes
consistent with the present experimental bounds on anti
tons @10#.

In Fig. 2 we show theS factors versus the antiproton flu
as calculated in a smooth halo scenario@25# ~with an isother-
mal sphere halo profile! and as expected, the correlation b
tween the antiproton flux and the continuous gamma ray
is very strong, whereas the correlation with the monoch
matic gamma ray flux is weak.

We will in the following sections give predictions for th
gamma-ray flux in the two structure formation scenarios~hi-
erarchical clustering or caustics!, and we also estimate how
much the flux of antiprotons would increase in the two s
narios and compare with the BESS bound.
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IV. THE HIERARCHICAL CLUSTERING MODEL

A. Results from N-body simulations

We first consider the ‘‘standard’’ model of structure fo
mation, hierarchical clustering of cold dark matter. Here
make use of the results in a recent paper by Calca´neo-Rolda´n
and Moore @3#, which we now briefly summarize. The
chose from a largeN-body simulation aimed at representin
the local group, a simulated dark matter halo at redshifz
50 having a peak circular velocity of around 200 km/s a
mass 1012M ( within the virial radius of 300 kpc. They com
puted the local density distribution of this halo by averagi
over the 64 nearest neighbors at the position of each par
in the simulation. They then estimated the flux of annihi
tion photons by using a discretized version of our Eq.~4!,
where the line of sight integral was replaced by a discr
sum over radial increments of length 1 kpc, and an angu
window sizeDV51°31° was used for the binning of a sk
map. Since the halo used showed the characteristic tria
roughly prolate, shape found inN-body simulations~with
ratio of short to long axis of 0.5 and intermediate to long a
ratio of 0.4!, it is of non-negligible importance where on
puts the observer~chosen to be 8.5 kpc from the center!. If
the long axis is in the direction of the galactic center, the fl
will obviously be higher in both the galactic center and a
ticentre direction than if one of the shorter axes is in th
direction. The difference can be almost an order of mag
tude in directions away from the galactic center, which is
interesting point to notice, since it is independent of the
istence of substructure. We will use the result where the s
system is put on the short axis.

In the simulations, substructure seems to be abundan
all scales, even down to velocity dispersions of a few met
per second, with a radial profile in the clumps being cons
tent with a very steepr}r 21.5 behavior. This makes the
prediction of the flux very uncertain, since the line of sig
integral will diverge unless a cutoff is introduced. A phys
5-4
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FIG. 3. Gamma ray fluxes from substructures as seen in theN-body simulations in@3#. Shown is the flux averaged in strips 1° high an
44° wide as a function of the galactic latitude~based on Fig. 10 in@3# and on our computedS-factors in Fig. 1!. In ~a! the continuous flux
above 1 GeV is shown and in~b! the flux of monochromatic gamma lines is shown. In both figures, the expected diffuse backgroun
~6!, and the expected flux from a smooth isothermal sphere are shown for comparison.
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cally unavoidable cutoff will eventually be set by the se
annihilation rate of the dark matter particles. Unfortunate
the mass involved near the cusps of these substruc
clumps is quite small and may be strongly affected by int
action with the baryonic component. This interplay of no
baryonic and baryonic matter is presently very poorly und
stood, to the point that even the existence of any dark ma
substructure at all in cold dark matter halos is being dispu
In lack of a good description of the interplay of non-baryon
and baryonic matter, the only softening of the singularity t
is included in the calculation ofJ(h) is the self-interaction
cutoff.

To get an estimate of the gamma ray fluxes expecte
the hierarchical clustering scenario we will use Fig. 10
Ref. @3# where the integral along the line of sight was calc
lated, i.e. essentially our Eq.~4! as a function of the galactic
latitude, b ~or h in our notation!. An angular resolution of
aboutDV51°31° was assumed and the flux was averag
over a strip of height 1° and width 44°. In Fig. 3, we ha
plotted the flux expected for the MSSM models giving t
maximal continuum flux and the maximum line flux in th
hierarchical clustering scenario. The diffuse background a
shown can be viewed as a limit on the unexplained obser
gamma ray flux.1 We have also plotted the flux that w
would expect in a smooth halo scenario, where we have u
an isothermal sphere, see Eq.~15! below, with a scale radius
of ac54 kpc, our galactocentric distance,R058.5 kpc, and

1It should be noted that the background flux between around
and 300 GeV has not been measured but is an extrapolatio
EGRET data. Only with the upcoming ACTs and, in particul
with the GLAST satellite will this energy range be measured w
precision.
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the local halo density,D050.3 GeV/cm3. As can be seen
the expected flux in the hierarchical clustering scenario
very high and the maximal MSSM model chosen here wo
in fact already be excluded for this scenario.

It is intriguing that the angular distribution of the diffus
flux measured by EGRET is consistent with a contributi
from neutralino annihilation giving a peak in the direction
the galactic center. However, convincing evidence of a sig
can only be obtained when GLAST provides also the ene
spectrum in the interesting range. Of course, detection o
gamma-ray line would be a striking verification of the WIM
annihilation hypothesis.

With the fluxes given in Fig. 3, we can estimate the ev
rates with GLAST. Let us focus on the peak at a galac
latitude of b.233°. For continuous gammas, the flux
this peak is about 731024 cm22 s21 sr21. Assuming an ef-
fective area for GLAST of̂Aeff&55000 cm2 and an integra-
tion time of 1 year, this corresponds to 1.53106 events.
Hence, the peak would easily be visible with GLAST, ev
after a reduction by a factor of ten needed for consiste
with the existing background measurements. For the gam
ray lines, the fluxes are lower, and for the same peak ab
.233° the flux is about 331028 cm22 s21 sr21. This
would correspond to about 60 events in GLAST, which sin
these photons are monochromatic would also be easy to
We also see from the figure that there are other peaks
even higher fluxes that would give even higher event rate
GLAST.

With Air Cherenkov Telescopes~ACTs!, sensitive to
gamma radiation, these signals would also be visible,
since these need to be pointed in thea priori unknown di-
rections of the overdensities, they can mainly be used
follow-ups if GLAST would see indications of an enhanc
flux.
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B. Antiprotons

We now estimate the increase of the antiproton flux in
hierarchical clustering scenario compared to the smooth
scenario. The antiproton flux depends essentially on the
erage of D 2 ~with D being the neutralino halo density!
within the closest few kpc. We do not have access to the
N-body simulation results, but estimate that the increase
the integral ofD 2 locally is about the same as the increase
the gamma ray flux at high galactic latitudes. From Fig.
we read off that this increase is about a factor of 5–10 co
pared to the smooth halo scenario. Hence, we expect tha
antiproton fluxes in Fig. 2 would increase by roughly th
factor. For the gamma ray lines, where the correlation
tween the gamma ray and antiproton signal is weak, we
easily find MSSM models with high gamma ray fluxes th
would not violate the BESS bound on antiprotons. For
continuous gamma ray fluxes, where the correlation is str
ger, the MSSM models with the highest gamma ray flux
would produce an antiproton flux that is a factor of 5–
higher than the current BESS bounds. Hence the highest
models would seem excluded. However, the uncertainty
the predicted antiproton fluxes are about a factor of 5 and
estimate of the increased antiproton flux is uncertain by
least a factor of 2. Hence, even the highest flux models m
be marginally consistent with the antiproton limits fro
BESS. For this reason we have chosen not to exclude t
from our plot. We also note that even if we pick a mode
factor of 10 lower, we would still get a continuous gamm
ray flux significantly higher than the background, witho
having any problems with the antiproton fluxes.

C. Uncertainties

We end this section with a short discussion of the unc
tainties. As mentioned, the value ofJ(h) depends strongly
on the assumed density profile for the clumps themsel
Here, only the self-interaction cutoff has been applied, wh
means that these predictions should be regarded as r
optimistic. On the other hand,J(h) is averaged over a quit
large solid angle,DV51°31°.0.13 sr, whereas e.g
GLAST will have an angular resolution of aboutDV
51025 sr. Due to the effect of individual clumps, if on
would bin the sky inDV51025 sr bins, the fluctuations
would be much larger than those seen in Fig. 3, i.e.,
clumps would appear as hot spots on the sky.

V. CAUSTIC RINGS OF DARK MATTER

As another example of a model having halo struct
which could give rise to potentially observable dark mat
annihilation signals we now consider smooth dark ma
infall onto a pre-existing galaxy. We will employ the mod
of Sikivie @6# for the formation of caustic rings of dark ma
ter. We first review the parts of Sikivie’s model needed
calculate the gamma ray flux from the caustics.

A. Infall model

The dark matter particles, assumed to be collisionless
having a very low intrinsic velocity dispersion, are initial
08351
e
lo
v-

ll
of

,
-
he

-
n

t
e
n-
,

ux
f

ur
t
y

m

t

r-

s.
h
her

e

e
r
r

nd

put on a spherical shell. This shell will then oscillate on
and out of the galaxy producing inner and outer caustics
the particles have initial net angular momentum, caus
rings perpendicular to the axis of rotation are formed. T
caustic rings will be a persistent feature in space, as th
will always be shells turning around.

By definition, the density is strongly increased where
caustic is formed. In fact, if the particles have vanishi
initial velocity dispersion,dv , the density diverges. We wil
neglect the velocity dispersion when deriving the gene
shape and location of the caustics, but introducedv /c
510213 when we consider the detailed density distributi
close to the caustics. The value of the velocity dispersion
typical of what is expected for a WIMP with a mass of th
order of 100 GeV. The reason is that although the relic d
sity of a WIMP of massm is fixed by the freeze-out from
chemical equilibrium at the high temperature of arou
m/20, it will stay in kinetic equilibrium through weak inter
actions until a temperatureTW around 1 MeV. The primor-
dial velocity dispersion is thus roughlyA3TW /m
;5•1023A100 GeV/m. The redshift factor sinceTW;1
MeV is of the order of 631011, giving the quoted result. It is
worth to point out, however, that the effective velocity di
persion due to e.g. a clumpy infall might be much high
significantly changing our results. We will come back to th
issue in Sec. V G.

B. The density profile

We label the particles arbitrarily by a 3-parameter,a
~which could, for instance, be the position of the particle a
given initial time!. The flow of a particle is completely spec
fied by giving for each time its spatial coordinatex(a,t). If
we haven different flows atx and t, we can write the solu-
tions ofx5x(a,t) asaj (x,t), wherej 51, . . . ,n. To obtain
the total number of particles,N, we integrate the numbe
density of particles overa-space,

N5E d3N~a!

da1da2da3
d3a. ~10!

Mapping onto position space gives the number density

d~x,t !5(
j 51

n
d3N@aj~x,t !#

da1da2da3

1

uD~a,t !uaj (x,t)
~11!

where det(]x/]a)[D(a,t) is the Jacobian of the mapa
→x. WhereverD(a,t)50, the density will diverge, and
hence caustic surfaces are associated with zeros ofD.

We assume that the flow of particles is axially symmet
about theẑ-axis ~coinciding with the rotation axis of the
galaxy! and also reflection symmetric with respect to thex̂-ŷ
plane, i.e. under reflectionz→2z. We also assume the di
mensions of the cross section of the caustic ring to be sm
compared to the ring radius. LetR(t0) be the turnaround
radius for a shell at timet0 in thez50 plane and leta be the
ring radius. We then parametrize the flow asx(u0 ,w0 ,t0 ;t),
wherex is the position vector at timet of the particle that
was at polar and azimuthal anglesu0 andw0 on the sphere of
5-6
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radiusR(t0) at t5t0. Axial symmetry suggests we use c
lindrical coordinates withw independence. Therefore we l
r(a,t0 ;t) and z(a,t0 ;t) be the cylindrical coordinates a
time t of the ring of particles initially ~at t0) at u05p/2
2a. The number density can now be shown to be@@6#, Eq.
~4.1!#

d~r,z,t !5
1

2pr (
j 51

n
d2N~a,t0!

dadt0

1

uD2~a,t0!u U
(a,t0)5(a,t0) j

,

~12!

where

D2~a,t0!5U ]r

]a

]r

]t0

]z

]a

]z

]t0

U , ~13!

and (a,t0) j are the solutions of the equationsr5r(a,t0 ;t)
andz5z(a,t0 ;t).

In this case, the caustic conditionD250 becomes a
fourth-degree equation ina having four solutions, some o
which may be complex and hence unphysical. A closer
spection shows that a caustic is a border between reg
with different numbers of flows. In Fig. 4 we show the cro
section of the fifth caustic ring~which is the one closest to
us!, where regions with a density exceeding 1 GeV/cm3 have
been indicated. We see that the caustic ring resembles a
cusp.’’ Inside the tricusp, there are four flows and outs
there are two.2 This implies that the sum in Eq.~12! should

2We do not take into account the flows not associated with
caustic.

FIG. 4. Plot of points where the density exceeds 1.0 GeV/c3.
Note that forR057.9, 8.2 and 8.5 kpc, we are situated inside t
tricusp.
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have two~four! terms if we are outside~inside! the tricusp,
corresponding to the number of real roots to the caustic c
dition.

The model of Sikivie has a set of caustic parameters
describe it. To find these we assume that the turnaro
sphere is initially rigidly rotating and that it initially really is
a sphere, not just an axially symmetric topological sphe
As mentioned, the axis of rotation for the sphere is assum
to coincide with the axis of rotation of the luminous parts
the Galaxy. We also have to make an assumption about
distribution of the smooth component of the dark matter d
tribution ~i.e. not associated with the caustic flows!. We
adopt the time-independent potential

U~r !52v rot
2 lnS R

r D , ~14!

since this potential produces perfectly flat rotation curv
with rotation velocityv rot . For comparison, we have als
used the modified isothermal sphere with a density distri
tion

Diso~r !5D0

ac
21R 0

2

ac
21r 2

, ~15!

whereD0 is the local dark matter density,R0 is our galac-
tocentric distance andac is the scale radius, without obtain
ing any significant changes. To obtain the caustic para
eters, we have followed the procedure in@6#. The interested
reader can find the result and more details about the cau
parameters in Ref.@26#. We do not give them here since th
actual values themselves are not very illuminating.

To find the density profile we first rewrite Eq.~12! into a
more useful form. By reparametrizing the equation accord
to t05t2Dt0(a) we havedt05dt. Due to axial symmetry,
the solid angledV5sinududw can be rewritten asdV
52p cosada. Noting thatdN5dM/mx with M being the
total mass of particles with massmx we get

d2N

dadt0
5

2p cosa

mx

d2M

dVdt
. ~16!

As mentioned earlier, in this model the solar system sho
be closest to caustic ring number five, and following Ref.@5#,
we find, for this caustic ring,

d2M

dVdt
51022

V~0!v rot
2

2pG
, ~17!

whereG is Newton’s gravitational constant andV(0) is the
velocity at the point of closest approach to the galactic c
ter, i.e. at the caustic. This was obtained via a self-sim
infall model using a scale parametere50.2 defined in Ref.
@27#. However, the model dependence one is quite weak
@28#.

To obtain the mass density from Eq.~12! we must multi-
ply d(r,z,t) by mx , which cancels the factor 1/mx in Eq.
~16!. Finally, by combining Eqs.~12!, ~16! and~17!, we can

e

5-7



as
a
e
ity
de

r-
o

t
im
y
st

b
to

r
gt
ra
d

o

s-

i-

o the
ym-

we
the
of
. 6

m
er

the

the
the
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obtain the value for the mass density,D, of dark matter close
to the fifth caustic ring in the Milky Way.

A diverging density at the caustics results from our
sumption of zero velocity dispersion, which of course is
over-simplified assumption. We thus reintroduce a non-z
velocity dispersion by estimating how much a given veloc
dispersion would smear the caustic. We do that by consi
ing a particle falling into the potentialU(r ). If we change
the initial velocity of the particle with the velocity dispe
sion, we obtain a difference in the location of the point
closest approach~i.e. the location of the caustic ring!. We
can then use this difference as an estimate of how much
caustic ring is smeared by the velocity dispersion. The s
plest way to take the smearing into account is to appl
cutoff in the density whenever we are closer to the cau
than the smearing scale. For a velocity dispersion ofdv /c
510213, this corresponds to a cut-off in the density atDcut

.800 GeV/cm3. Since the density only diverges as;1/Al
with l being the distance to the caustic@4#, we are not very
sensitive to the actual value of the cutoff density as can
seen in Fig. 5. In our calculations we have used a cu
density ofDcut5800 GeV/cm3.

For comparison we have also used a Gaussian smea
of the density distribution with the same smearing len
scale as the cutoff length scale. The two methods give p
tically the same result and we have used the cutoff metho
our actual calculations.

In Fig. 4, all points whereD(r,z).1.0 GeV/cm3 are
plotted. From the figure we note that for realistic values
R0 of about 8–8.5 kpc, we are locatedinside the tricusp,
which is very interesting from the point of view of the po
sibility of detection.

Now focus onFDV(h). ForR057.9, 8.2 and 8.5 kpc the
angular range 0,h&p was scanned for three different typ

FIG. 5. The maximum flux,J(hmax), as a function of the veloc-
ity dispersion,dv /c. As the velocity dispersion increases fro
about 10214 to 1028, the cutoff density decreases about three ord
of magnitude, from 2500 GeV/cm3 to 2.5 GeV/cm3 ~with 800
GeV/cm3 at dv /c510213).
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cal angular acceptances,DV51021,1023 and 1025 sr. All
these scans have maxima at the angles corresponding t
cusps, since the density is strongly enhanced there. The s
metry implies a peak also at2h if there is a peak ath. The
maximum value ofFDV(h) from all scans was found ath
.0.79 rad,DV51025 sr andR058.2 kpc. Table II gives
the maximum values ofFDV(h) for the differentDV and
R0. The angle which gives the maximum ofFDV(h) is de-
notedhmax.

C. Background to signal comparison

To see whether the signal is potentially detectable,
have plotted the signal of continuous gamma rays from
caustic ring, the flux from annihilations in the smooth halo
Eq. ~15!, the background and the sum of the three in Fig
for DV51025 sr. For the smooth part we usedD0

s

TABLE II. Summary of the peak values ofFDV(h) for the
cases considered.

DV R0 hmax FDV(hmax)
@sr# @kpc# @rad# @1021 GeV2 cm25 sr21#

1021 8.5 0.54 0.26
8.2 0.78 0.22
7.9 1.15 0.29

1023 8.5 0.54 0.96
8.2 0.79 0.91
7.9 1.17 1.34

1025 8.5 0.53 2.20
8.2 0.79 4.05
7.9 1.18 3.05

FIG. 6. Flux of gamma rays above 1 GeV from the caustic,
smooth halo, the background and the sum of them forDV51025

sr. A maximum flux SUSY model was used for the signal and
smooth part. For the smooth halo an isothermal sphere with
scale radiusac54 kpc and the local densityD050.2 GeV/cm3 was
used. Our galactocentric distance was set toR058.2 kpc, but the
results are essentially the same for other values.
5-8
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NEUTRALINO GAMMA-RAY SIGNALS FROM ACCRETING . . . PHYSICAL REVIEW D63 083515
50.2 GeV/cm3 andac54 kpc. ~The reason for not putting
D050.3 GeV/cm3 as before is that we expect about 1/3
the dark matter to be in the caustic flow.! Our galactocentric
distance was set toR058.2 kpc, but the results are esse
tially the same for other values. The SUSY model used
the signal and smooth parts is one of maximumS in Fig. 1.
The figure shows that the signal is quite small even for s
a SUSY model and as is implied in Fig. 1, most mod
produce a flux several orders of magnitude smaller wh
would make the signal vanishingly small compared to
background. Hence, the flux shown in Fig. 6 should be
garded as a best-case scenario with the highest possible
from the caustic rings. We thus conclude that the possib
of detection in the caustic ring model, unlike the hierarchi
clustering model, is quite marginal. In Fig. 6, we plotted t
continuous gamma ray flux, and for the gamma ray lines,
figure would look essentially the same, but with fluxes ab
a factor of 531025 lower.

D. Intensity pattern on the sky

The signal from the caustic ring is very narrowly loca
ized in the sky angleh. To investigate how the full signa
pattern would appear on the sky, we can then make the
plified assumption that the source function for the gamm
ray emission is given by a delta-function}d (3)@r2r0(w)#,
wherew is an azimuthal angle parametrizing the ring~see
Fig. 7 for the notation!.

Since each mass element of the ring locally gives rise
the same isotropic gamma-ray flux, the signal seen near
Earth’s location can be estimated analytically by geometr
considerations. Define spherical coordinates on the cele
sky u and c where u is the polar angle~measured with
respect to a z-axis which is tied to the solar system
pointing perpendicularly to the plane of the Galaxy!, andc is
an azimuthal angle withc50 corresponding to the directio
of the galactic center.

We now consider one of the two closest rings correspo
ing to the cusps atzÞ0 in Fig. 4, which are inside ou
position in the Galaxy, let us take the one which hasz5h
.0, and radiusR. ~Due to thez symmetry, the two rings
give precisely the same signal.! The location vector on the
ring can be written

r5~R0,0,h!1R~cosw,sinw,0!, ~18!

where the point nearest to us hasw56p, and the furthest
point corresponds tow50. Both anglesu andc can now be
computed:

FIG. 7. Definition of the coordinate system used.
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cosu5
h

ur u
~19!

and

tanc5
R sinw

R01Rcosw
. ~20!

Ring elements of constant fluxRdwew are now mapped onto
the sky as

Rdwew→ur udueu1ur usinudcec5ur uS du

dw Ddweu

1ur usinuS dc

dw Ddwec . ~21!

From this we can read off the inverse of the Jacobian, wh
is the ‘‘magnification’’ M,

M5
R

ur u3Asin2uS dc

dw D 2

1S du

dw D 2
~22!

where an extra factor ofur u2 in the denominator accounts fo
the geometrical fall-off of the flux with the square of th
distance. Introducing the dimensionless parameters

k5
h

R
, r5

ur u
R

, j5
R0

R
, ~23!

we obtain, after some algebra,

S du

dw D 2

5
k2

r22k2

j2

r4sin2w, ~24!

and

S dc

dw D 2

5
~11j cosw!2

~11j212j cosw!2 , ~25!

from which we can compute the flux as a function of ang
on the sky by use of Eq.~22!.

We now normalize the magnification to 1 for the part
the ring that is closest to us. In Fig. 8 we show the magn
cation as a function of the integrated space angle along
caustic ring. We clearly see that the signal is fairly high o
to about 60° from the direction to the galactic center. Furt
away, the flux drops dramatically because of the geome
fall-off with distance.

E. Detection potential

We will now investigate if the Gamma-ray Large Are
Space Telescope~GLAST! @11# would be able to see eve
the best-case signal.

We assume the same maximal SUSY model as in Fig
and useDV51025 sr, which is close to GLAST’s expecte
angular resolution. We then integrate the signal over
nearest 100° of the caustic ring, where the average mag
5-9
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cation~compared to the closest part of the ring! is around 0.8
according to Fig. 8. We further assume that the average
fective area will bê Aeff&55000 cm2 and that we integrate
for one year. In this strip we would then expect around 4
events of continuous gamma rays above 1 GeV from
caustic ring and about 1700 events from the diffuse ba
ground as measured by EGRET. Hence, this would not b
prominent signature on the sky, especially since gen
MSSM neutralinos give much lower rates. The total num
of events from the gamma ray lines would be about 0
even in this optimistic scenario, so the prospects of detec
these are essentially zero. We end by noting that the un
tainty in the background estimate is at least a factor of tw
but this hardly changes our conclusions that the gamma
signal from the caustics is very hard to detect.

Just like in the scenario with clumps, ACTs could be us
as a followupif GLAST would see an indication of a causti

F. Antiprotons

To estimate the increase in the antiproton flux from
caustics, we have integratedD 2 with a cutoff density of 800
GeV/cm3 over the region zP@20.7,0.7# kpc and r
P@7.5,9.1# kpc and we find that the total annihilation ra
from the caustic is about 3 times higher than that from
smooth halo in the same region. Since the antiproton
depends mainly on the total annihilation rate within the cl
est few kpc we do not expect the flux of antiprotons to
crease by more than a factor of 3 in the caustic scenario.
then see that for the highest values ofSgcont, we would get
an antiproton flux that is higher than the BESS measu
ments by a factor of about 3. However, the antiproton fl
prediction can be uncertain by as much as a factor of 5, s
is still possible that these models with highSgcont are consis-
tent with the antiproton measurements and we have thus
sen not to exclude them.

FIG. 8. Relative magnificationMR as a function of the inte-
grated sky angle along the ring for three different galactocen
distances,R0.
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G. Uncertainties

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

The main uncertainty is the assumption of smooth c
tinuous infall of collisionless dark matter with a very sma
velocity dispersion, of the order ofdv /c510213. As N-body
simulations seem to suggest, structure forms hierarchic
and the infall to our galaxy should not be smooth, but rat
clumpy. In this case, we would get an effective velocity d
persion much higher than 10213. Some of the structures o
the caustics might remain, but the significant density incre
we have found here would be washed out and the sig
could be reduced by orders of magnitude. On the other ha
in this case, the signal from the clumps themselves could
detectable@3# as we saw in Sec. IV.

The infall model itself also has some uncertainties. F
instance, we have assumed that the infalling sphere is rig
rotating, which might not be a realistic approximation. W
have also assumed that the axis of rotation is the same as
of the luminous matter in our galaxy. This might depend
the details of how the bulge and disk were formed, and n
not be the case.

Given these uncertainties, our strategy has been to in
tigate if there is a detectable signal even with the most o
mistic assumptions. We have found that the detection po
tial is very weak although not zero under extreme
optimistic assumptions.

VI. CONCLUSIONS

We have supplemented the recent work by Calca´neo-
Roldán and Moore based onN-body simulations of structure
formation in cold dark matter models, by giving absolute ra
predictions in the MSSM for the gamma-ray signal expec
by the clumpy substructure of these simulated halos. T
predicted rates are quite high, making this a promising sig
to search for, both concerning continuous gamma-rays a
if supersymmetric parameters are favorable, the distinc
monoenergetic gamma-ray lines predicted if the dark ma
indeed consists of WIMPs. In particular, the upcomi
GLAST space-borne gamma-ray detector will be an id
instrument searching for these intriguing patterns on the s

Motivated by the work done by Pierre Sikivie on caus
rings of dark matter, we have also estimated the gamma
flux from these. However, even with very optimistic assum
tions about the infall model and velocity dispersion, we c
get a signal of continuous gamma rays that is only marg
ally detectable by GLAST. The uncertainties in the Sikiv
model are large and relaxing some of the assumptions c
reduce the flux further by several orders of magnitude.

However, it is worth stressing that if we relax the assum
tion of a smooth continuous infall, we would reduce the fl
from the caustics drastically, but we would at the same ti
enhance the flux from the infalling clumps.

We have also investigated how much the antiproton fl

ic
5-10
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NEUTRALINO GAMMA-RAY SIGNALS FROM ACCRETING . . . PHYSICAL REVIEW D63 083515
is expected to increase in these two scenarios and found
for the models with the highest flux of continuous gamm
rays, we would violate the BESS bound on antiprotons b
factor of about 3 in the caustic scenario and 5–10 in
hierarchical clustering scenario. Taking the uncertainties
the antiproton prediction into account, this would at best
marginally allowed by the BESS measurements. For
gamma ray lines, the correlation with the antiproton flux
weaker, and we can easily find models with high fluxes
monochromatic gamma rays that do not violate the BE
bounds.

We end by concluding that it is interesting that in tw
such orthogonal scenarios of galaxy formation, the outco
in both may be the existence of dark matter density enha
ments which may give observable signals in upcom
p
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gamma-ray detectors. This may indicate that the possib
of detection will exist also for refined models which descri
the Milky Way dark matter distribution more realistically.
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