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1 INTRODUCTION

Dark matter is supposed to be the principal driver of stmecfar-
mation in the Universe, and a whole industry has developed ov
the last few decades searching for the still elusive darktenat
particle. Particle physics has provided some well-mogigatandi-
dates. Among them, the neutralino, a weakly interactingsinas
particle (WIMP) associated with a supersymmetric extengib
the standard model of particle physics, is currently faedufsee
Jungman et al. 1996; Bertone etlal. 2005; Bergsirom|2009efo
views). Although this particle interacts with standard mloglarti-
cles only weakly, it may nevertheless be detectable. Rct
dark matter community has been stimulated by a variety of ob-
served “anomalies” in cosmic-ray signals. Among these @Je:
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Hooper et al. 2007). Although these results may well findrtbri
planation in ordinary astrophysical processes (see, famgle,
Malyshev et al.[(2009) for a pulsar explanation of the PAMELA
results), it is alluring to relate them all to dark matter iilation

in the Galactic halo.

In addition to these indirect signals, the DAMA/LIBRA dark
matter detection experiment has, for about a decade (Beirethbl.
2008, 2010) seen a significant amplitude modulation in itede
tor count rate. Although apparently incompatible with tesfrom
other experiments (see €.d. Savage et al.|2004; Gondolo &iGiel
2005;| Gelmini_2006;_Finkbeiner etlal. 2009), the DAMA/LIBRA
collaboration interprets this as an annual modulation efflinx of
dark matter particles through their detectors.

an excess in the positron fraction recently (re)measuredhby The small-scale structure of Cold Dark Matter (CDM) haloes
PAMELA experiment|(Adriani et al. 2009); (ii) an excess i tio- can, in principle, substantially influence the signal betlindirect
tal flux of electrons and positrons measured by the FERMIlgate ~ and in direct dark matter detection experiments. Anniltfatates
(Abdo et al. 2009); (iii) an excess in diffuse microwave Edidin and detector count rates depend strongly on the density and e
in the general direction of the Galactic Centre (the “WMARdia ergy distributions of particles local to other particleslaa detec-
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tor nuclei, respectively, and so are sensitive to smallesfiactu-
ations in these distributions. For example, for crossisestcon-
sistent with relic abundance constraints, the PAMELA daia loe


http://arxiv.org/abs/1002.3162v1

2 \Vogelsberger & White

explained through annihilation only if rates are 100 to 1@6tes
those predicted for a locally smooth dark matter distritnutithus
requiring substantial “boost factors” (elg. Bergstromlet2003).
Such boosts could come from non-standard particle physitkey
might reflect substantial inhomogeneities in the dark malittri-
bution on small scale. A population of abundant, self-bosnb-
haloes of very low mass but very high internal density hasroft
been invoked in this context (Moore etlal. 1999; Green etG052
Diemand et al. 200%, 2008), but recent high-resolution Etans

in turn allows all passages of the particle through a caustic
be identified and recorded. In Vogelsberger étlal. (2008) we p
sented this GDE scheme and tested it on orbits in fixed poten-
tials and on N-body simulations of static equilibrium haoén
Vogelsberger et al. (2009) we then applied the scheme tolisim
fied model of CDM halo formation: collapse from sphericaliyrs
metric, self-similar and linear initial conditions. This@aved that
earlier work based on spherically symmetric similarityusizins
(e.g.Natarajan & Sikivie 2006; Mohayaee etlal. 2007) wasunr

suggest that such subhaloes are neither dense enough mor abu alistic because these solutions are violently unstableotoadial

dant enough in the inner regions ACDM haloes to have more
than a minor effect on the observable signatures of antiirila
(Springel et al. 2008b).

Another possible boost mechanism is related to the fine-
grained structure of dark matter haloes. Before the onsabof
linear structure formation, dark matter was almost unilgrdis-
tributed, with weak density and velocity perturbations awith
very small thermal motions. The particles thus occupiedin, th
space-filling and almost three-dimensional sheet in theesiut
dimensional phase-space. Subsequent collisionlesst@rolinder
gravity stretched and folded this sheet, but did not tedihus, the
dark matter distribution at a typical point in a present-tajo is
predicted to be a superposition of many fine-grained streaath
of which has a very small velocity dispersion, has a dengity a
mean velocity which vary smoothly with position, and copmsds
to material from the vicinity of a different point in the liaeini-
tial conditions. Folds in the fine-grained phase-sheet gse to
projective catastrophes known as caustics where the kgatiaity
and hence the annihilation rate is locally very high, liditnly
by the small but nonzero thickness of the phase-sheet (egaiH
2001;| Natarajan & Sikivie 2008). Although the extraordinam-
provement of N-body simulations in recent years has allonwady
aspects of the dark matter distribution at the solar positdbbe
predicted in considerable detail (see, for example, Sptiagal.
2008a; Diemand et al. 2008; Stadel et al. 2009), such simakat
are still very far from resolving the fine-grained phaseegpstruc-
ture which gives rise to caustics. They are thus unable teigeo
a realistic estimate of how much caustics boost annihiaiticthe
inner Galactic halo.

Fine-grained structure might also play a crucial role in the
interpretation and modelling of dark matter signals in fabory
detectors like DAMA/LIBRA. It is unclear, for example, winetr
the Maxwellian usually assumed describes the dark mattecite
distribution at the solar position accurately. Indeedergsimula-
tion work has shown that a multivariate Gaussian is likeletdr
description, and that the assembly history of the Milky Wagym
be reflected in broad features in the particle energy digioh
(Vogelsberger et al. 2009). One may also wonder whethevighdi
ual fine-grained streams might eventually be visible in detesig-
nals as spikes at specific velocities. Axion detectors liRMX, in
particular, have very high energy resolution, and couldringiple
disentangle hundreds of thousands of streams. Again tfas e-
yond the resolution limit of current analysis techniquepliggl to
even the highest resolution N-body simulations of halo fation.

perturbations. These substantially alter the stream amticastruc-
ture. Finally in_White & Vogelsberger (2009) we showed how th
GDE scheme allows the annihilation enhancement due toicaust
and other fine-grained structure to be calculated explibiltime-
integration along particle orbits rather than by spatiaéégnation
over the particle distribution. The current paper is thergoation
of this programme and analyses for the first time the finergdhi
structure of haloes forming from fully gener&CDM initial condi-
tions. We resimulate haloes from the Aquarius Project, tvbtad-
ied six Milky Way mass objects at various numerical resolusi
The coarse-grained structure of these haloes has alreadyshed-
ied in considerable detail in previous papers, e.g. theaohbop-
ulation in|Springel et al.| (2008a) and Springel et al. (2008he
dark matter distribution in the inner regionslin Vogelsleeret al.
(2009) and various radial profiles|in Navarro etlal. (2010).

The plan of our paper is as follows. In Section 2 we briefly de-
scribe the initial conditions and the numerical approachuse to
resolve the fine-grained phase-space structure. SectiegiBsby
presenting results on one of the Aquarius haloes at a varfegso-
lutions. We demonstrate that convergent results can bénelotéor
the main features of the fine-grained phase-space distihnd
we analyse the implications for dark matter detection ofstnec-
ture predicted for fine-grained streams and caustics. Ilfina use
our full halo sample to tackle the question of how much scatte
fine-grained properties is expected. We make some congudin
marks in Section 4.

2 INITIAL CONDITIONS AND NUMERICAL METHODS

We resimulate the six Milky Way-mass haloes of the Aquarius
Project ((Springel et al. 2008a) using our GDE technique teo fo
low the fine-grained phase-space evolution in detail. The co
mological parameters assumed for thégeDM simulations are
Qo = 0.25, Qro = 0-7570'8 = 09ns =1 and Hy =

73 km s~! Mpc~!, where all quantities have their standard def-
initions. The haloes were selectedzat= 0 based on their mass,
and were required to have no close massive companion airttegt t
they are named Ag-A to Ag-F. Each halo was resimulated at a va-
riety of numerical resolutions, indicated by a numbein its full
name, e.g. Ag-A-3. The resolution levels differ in the paetimass
and softening length employed, with 1 designating the hghes-
olution and 5 the lowest. In the following we will use the same
naming convention and mass resolution as in the originaézap

In recent work we have developed an entirely new approach but different softening lengths. This is because accurdégiation

capable of following the evolution of fine-grained streanmsl a
their associated caustics in fully general simulations aibtor-
mation. This approach is based on integrating the geodesic d
viation equation (GDE) in tandem with the N-body equatiofs o
motion. For every simulation particle and at every timesitep
returns the spatial density and the velocity dispersiorsderof
the fine-grained stream in which the particle is embeddeds Th

of the geodesic deviation equation (GDE) requires a largér s
ening length to achieve stable results than does integrafidhe
particle trajectories themselves. Unless otherwise ditate use a
constant comoving Plummer-equivalent softening.dfkpc in all
our simulations.

Our experiments are carried out with the P-GADGET-3
code (Springel 2005) with the GDE modifications described in
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Streams and caustics:

Vogelsberger et al. (2008) and Vogelsberger et al. (2009¢rewe
focused on a description of the relevant equations in phaysimor-
dinates and applied them to static potentials, to isolagedibrium
haloes and to halo formation from self-similar, sphericaym-
metric initial conditions. The simulations of this papekeainto
account the fulACDM framework, using the cosmological param-
eters given above, and are carried out in comoving coorelnate
therefore begin by describing how the GDE and the associated
sors can be transformed from physical to comoving coordg)at
and how this is implemented in our simulation code. For ceatapl
ness, we also describe how the physical stream densitydislatdd
and how caustic passages can be identified.

The time-dependent transformation to the comoving frame
used by our simulation code is given by

@)

whereH = a/a denotes the Hubble parameterthe scale factor,
and comoving coordinates are primed. In physical coordmgte
distortion tensor is defined as

) ;)

or _ ( 0x/dq 0z/dp
07

8v/8q 8v/8p
whereq andp denote the initial position and velocity (in physical
coordinates), respectively. It describes how a local plsasee el-
ement in physical coordinates is deformed along the trajeaif
the particle while conserving its volume in order to obeyliitle’s
theorem. In comoving coordinates the distortion tensoced-

ingly defined as
— o7 _( 0z'/oq (. 2.
Ll )‘(g;,q, o, ) ®

ay//aér
where all phase-space coordinates are now expressed irvirmmo
coordinates. The relation between physical and comovistpdi
tion tensors can be derived from the differential relatjgmsiding

1
z(z',v) = az’, v(2',v') = Haz' + =7/,
a

D
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D=4 D

vq =vp

oz’ /op’
ay/ / 5@’

D(t) = Carz(t)D (t)Cooyar (tinisiar), (4)
where we have defined the two transformation tensors
= 0T al 0
N ] ©)
and
= oz’ a1 0
Czoz = 5= ( ~Hal a—%) (6)

We note that one of these transformation tensors is evaluatte
t whereas the other is evaluated at the initial timg;.. The
reason for this is the time-dependence of the coordinatestra
formation in Eq. 1, where both the scale factor and the Hubble
parameter change with time. Liouville’s theorem guaramtimat
det(D(t)) = det(ﬁl(t)) = 1, so the comoving distortion ten-
sor has the same conserved determinant as the physical loise. T
means that local phase-space elements in the comoving frame
serve both volume and orientation as the system evolves.

To integrate the comoving distortion tensor, we need tovderi
its equations of motion. We start with the physical GDE eiqumat

D=

TD, Y]
and introduce the peculiar potential field
2.
¢ =a®+ 2o, ®

© 2010 RAS, MNRASDOO, [IHI7

the fine-grained structurdGDM haloes 3

(P! Py) (Vra00)°

Ag-A-5 (589683) —
Ag-A-4 (4700100)

Ag-A-3 (37343489) ——

Aq—A—l (Navarro et al)

10t t t -+
RS
<
g 1 A m% ’\A '
S ~ VY
2 09} [
\
1
0.0 1
r/r200

Figure 1. Spherically averaged density profiles of Ag-A-3,4 and 5 at 0.
The comoving softening length of all simulations is the séme 3.4 kpc;
note thatrsgg 246 kpc for this halo) but the particle number in-
creases from Ag-A-5 to Ag-A-3 as shown by the valuesNdfy, in the
figure. The lower panel shows the difference between thes#gx and
that presented by Navarro ef al. (2010) for Ag-A-1. The cogeece be-
tween the different resolutions is very good. All begin ti ielow Ag-A-1
forr < 0.025r200 = 6 kpc because of the larger softening of our GDE res-
imulations. An arrow in the lower panel indicates 8 kpc, théial position

of the Sun within the Milky Way.

which is related to the density field via Poisson’s equation

V2.¢=4rG (p'(z') — pb) , ©)

wherep;, denotes the comoving mean background density and the
Laplacian is taken in comoving space. We note that the foete fi
driving the motion of simulation particles is also derivedr this
peculiar potential. Since the GDE is directly related to ¢oga-
tions of motion of the particles themselves, it is naturaintpo-
duce a peculiar configuration-space tidal tengbrwith compo-

nentsTy; = —0°¢/0z;0z);
(10)

We can use this tidal tensor to write the equations of motorife
comoving distortion tensor in the following form

. 1, . 1, 1)
=t - a2:vlq/7 =a/p! - a2—u/p/7

-/ 1, -/ 1,

D, =-rp,, D, =-TD, .

—v'q a= =z'q —v'p a= =z'p

Thus, the equations of motion for the comoving distortiamste
have exactly the same form as those for the physical one.
only difference is the appearance of the scale fagtor the co-
moving equations. The initial conditions for these equatifollow
from those for the physical distortion tensor, taking intz@unt

C‘L/H‘L Ci*}i = 1
:;/q/ (tinitial) = ;7 z,p, (tlnltldl) 27
. </
gz/q/(tinitial) =0, gz/p,(tinitial) =

Based on these equations we can construct kick- and dfitabgprs
for the leapfrog time integrator, similar to those for theition and
velocity in the comoving frame.

The

(12)

I
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Figure 2. Top panel: Phase-space structure of the Ag-A-3 halo-at0. Colour encodes the number of caustics passed by eachdndhsimulation particle
with the largest numbers plotted last. Subhaloes cleaagdsbut in this plot, because shorter orbital times lead ta@hen number of caustic passages in
their centres. We note that the streams visible in this pletat fine-grained streams, but rather tidal streams meguttom disrupted subhaloes. Particles
previously associated with subhaloes have higher caustints than other neighboring main halo particles, so thagdsbut in this phase-space portrait.
Bottom panel: Same as the top panel, but with all bound sobkalemoved so that only the main halo component remainal Jickams from disrupted
subhaloes are now more clearly visible. Note that this pitt shows particles bound to the main halo, while the top piacides all particles withirb 200 .
This is why the main halo contribution ends at ab®ut r200. The colour scales for the two panels are the same, as iadigathe top panel.
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Figure 3. Two magnifications of the phase-space structure of Ag-AeBising on one of the prominent subhaloes. The colour scdfeisame as in Fif] 2.
The tidal streams again stand out very clearly.
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6 Vogelsberger & White

Let us now discuss how to derive stream densities from these matter particle with a velocity dispersion @03 cm /s today. This

comoving quantities. Each stream density is associated @it
particular simulation particle, and describes the locaisity of
the fine-grained stream it is embedded in. Our goal is to deriv
an equation that yields the physical stream density fromctie
moving distortion tensor discussed above. To begin, we tiate
the configuration-space distortion tensor can be derivexh fihe
phase-space distortion tensor by applying two projectjperators

as follows
-0on(£)

where LI = 0V/0q is the spatial gradient of/(q), the
mean initial sheet velocity as a function of initial positi¢see
White & Vogelsberger 2009, for a more formal definition). Gau
tic passages can be identified by sign changes in the detnmin
of this tensor. We note that this is true both in physical andd-
moving space. The physical stream density can be calcufiated
the volume stretch factor implied by this linear transfotiom in
physical configuration-space

IS

(13)

ps = A7

e (2)]

as we described in_Vogelsberger et al. (2008). Using =
Ph.0/a(tinisia1)® and defining the peculiar velocity gradie‘gg, =
lq — H (tinitia1) 1 we can write the physical stream density as:

(14)

_ P;,o
a3 ’det [Q;,q, + a(tinitial)?

p S } (15)

—q’ =x'p’

At early times when the dark matter is nearly uniform, albagties
and thus all velocity gradients are small and the second itethe
determinant in this equation is small compared to the fistisTwe
may approximate

_ P;,o
oo (2,
=g

This equation is sufficiently accurate for our purposes aad w
will use it below to calculate the stream densities assediatith
each particle in our simulations. For consistency we wibahe-
glect the (small) initial variations in density and will asse the
cosmological mean value everywhere, i.e.

p (16)

_ SH(tinitial)2

871G (A7)

Ps,0

3 QUANTIFYING FINE-GRAINED HALO STRUCTURE

The results in the next few subsections are based on resionda
of the Ag-A halo at resolution levels 3, 4 and 5. We note again
that our simulations use a significantly larger softeningyth than
the original Aquarius simulations in order to mitigate themeri-
cal noise sensitivity of the GDE. Unless otherwise statesluse
a Plummer-equivalent comoving softening lengtt3af kpc. Note
that we do not change softening between the different réealu
levels that we are going to discuss. We will demonstrate wheat
reach convergence at level 4 with this set-up. Additiongdeeix
ments show that this is the smallest softening length foctviie
could achieve convergence at this resolution level; smalties
require a larger particle number to converge. We also assioaek

corresponds to a neutralino of mas# GeV /c? that decoupled
kinetically at a temperature arourd MeV.

To get started we show in Figl 1 the spherically averaged den-
sity profile of the Ag-A halo at redshift = 0 for all three reso-
lution levels. Note that200 = 246 kpc for this halo. Convergence
is excellent over the full radial range plotted, as is morei@lss in
the lower panel where we plot the difference between our lpsofi
and that given by Navarro etlal. (2010) for the highest resmiu
simulation Ag-A-1. Softening clearly effects all three afrasim-
ulations similarly and only in the innermost regions; theidgon
is at the percent level at the radius which nominally coroesis
to the Sun’s position within the Milky Way. Navarro et al. (20
made similar convergence tests for a variety of radial pefilf the
original simulations.

3.1 Caustic counts

Our focus in this paper is not on the coarse-grained but ofirtke
grained structure of our haloes. We begin by looking at ttee di
tribution of the number of caustics passed by particles iRAAQ
Caustics are identified through changes in the sign of theruhét
nant of the comoving configuration-space distortion telasuat are
counted along the trajectory of each particle. In Eig. 2 (apel)
we show the distribution of this caustic count in a phasesui-
agram atz = 0 for Ag-A-3. Colour encodes the number of caus-
tics passed by each particle, as indicated by the colourTter.
particles were sorted by their caustic count before plgitso that
the particle with the highest caustic count is plotted inheaccu-
pied pixel. This phase-space diagram can be compared Iglitect
the one in_Vogelsberger et &l. (2009) which shows an isolladdal
which grew from a spherically symmetric and radially séthitar
perturbation of an Einstein-De Sitter universe. In bothesathe
number of caustic passages increases towards the certieetadlb,
due to the shorter dynamical timescales in the inner regicanss-
tic count is roughly proportional to the number of orbits exed
by each particle, because caustics occur near orbitahypoints.
The most important difference between the isolated A@DM
haloes is in the subhaloes and associated tidal streamsnsten
ACDM case. Subhaloes stand out clearly in Elg. 2 since theii-pa
cles have short orbital periods and undergo many caustgagas.

In the bottom panel of Fid.]2 we eliminate self-bound sub-
haloes to show only particles belonging to the main haloekidal
streams corresponding to disrupted subhaloes can be tvacged
well. Material from such disrupted subhaloes has a diffecanstic
count distribution than other main halo material, and sndsaut
in these phase-space plots. In Fiy. 3 we show two zooms iegto th
phase-space structure around the most prominent subhgig.&.
These show the structure of the tidal streams in more d&tél.
note that these tidal streams aret equivalent to the fine-grained
streams we will discuss below. As we will see, the latter ae n
visible in such phase-space plots because of their largbauand
their low densities.

Caustic counts can be used to study how dynamical mixing is
related to particle location. To this end, we filter the petidis-
tribution by number of caustic passages and plot the restifiree
orthogonal projections in Fif] 4. The top row of this figur@sh
that particles that have passed no caustic are almost horaogsly
distributed, with no clear structure. Particles that haasspd ex-
actly one caustic already delineate the large-scale sticif the
density field. The main filament passing through the primaig s
visible, as is the halo itself and additional smaller filatsgooint-

© 2010 RAS, MNRASD0O [THI?
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Figure 4. Slices of thicknes$.1 Mpc through (xy, Xz, yz) projections of the particle distritartiin Ag-A-5, filtered by the number of caustics passed. The
first four rows match the exact caustic passage number tedicavhereas the last row filters for particles that havequhasore thars0 caustics. The degree
of structure in the different panels increases with the nremolbcaustics passed. Particles that have not passed asticdaom a smooth distribution compared

to the other panels of the figure.
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Figure 5. Median number of caustic passages (solid thick lines) irdap
a function of radius. In the outer regions subhaloes showsygeaks. The
convergence between the different resolutions is good,d@mionstrates
that caustic identification is very stable against numeégtfacts. Thin lines
show the upper and low&5%, 5% and 1% quantiles of the caustic count
distribution in each radial bin for Ag-A-3.

ing towards it. The halo is even more dominant in the distiu
of particles that have passed two or ten caustics. The batranof
Fig.[4 shows particles that have passed at IB@staustics. These

are found only near the centres of the main halo and of the more

massive subhaloes. These are the densest regions withatiessh
orbital times. Typical values of the caustic count in vasioegions
thus indicate their level of dynamically mixing. Large vesucorre-
spond to well-mixed regions whereas small numbers correspm
dynamically “young” regions. Particles that have passedaustic
are still in the quasilinear phase of structure growth.

We can compress the caustic count information in a radial pro
file. This is shown in Figl]5. Profiles of the median causticntou
for Ag-A-3,4 and 5 are plotted as solid curves. As already aiem
strated in Vogelsberger etlal. (2008), the numerical idfieation of
caustics is very robust, and as a result the number of capesic
sages is little affected by numerical noise. This is why tteslian
profile is almost independent of resolution in Hiy. 5, witmeek-
ably good agreement in the inner halo. In the outer regiobs su
haloes show up as peaks in the caustic count and small shifts i
their position between the different simulations show upsar-
ent noise. For the highest resolution simulation, Ag-A-&, also
plot the upper and lower 1, 5 and 25% points of the count distri
bution at each radius. These parallel the distribution efrtfedian

count and span an order of magnitude at each radius. The media

profile can be compared to that given' by Vogelsberger|et @04
for an isolated halo growing from self-similar initial cdtidns. At
a given fraction of the virial radius, the typical number afustic
passages is only a few times larger in the more compl€éoM

case.
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Figure 6. Top panel: Distribution of number of caustic passages at 0

for particles in a set of nested spherical shells in Ag-A-8dor standard
softening of3.4 kpc. As expected, higher caustic counts are found in the
inner regions. Bottom panel: Caustic count distributiorithiw 160 kpc for
Ag-A-3 resimulations with various softenings. The smattee softening
length, the longer the tail of high-count particles. Thetiples affected are
almost all in the innermost region of the the main halo. Nb# &side from
this tail, the histograms are almost independent of safteni

the high-count tail. At larger radii, however, the disttilbns al-
ways extends out to about 200 counts. This tail is contribine
particles from present or recently disrupted subhaloes lfstow).
In the outer halo, the majority of particles have nevertsejgassed

The increase in caustic count towards halo centre can also berelatively few caustics. As noted above, simulations usiregGDE

seen in Fig[b (top panel), where we present count histogfams
particles in a set of nested spherical shells. The shiftefithtribu-
tions towards lower counts with increasing radius is veryiols,

technique require significantly more gravitational softgnthan
standard N-body simulations in order to limit discretenesise
in the tidal field which otherwise leads to an unphysical,riyea

and within about 30 kpc this is accompanied by a suppresdion o exponential decay in stream density. Caustic identificasphow-
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Figure 7. The distribution of stream density in units of the cosmic mea
density as a function of radius within halo Ag-A. Continuocsloured
curves give the median stream density of particles as aibmaf their
distance from halo centre for Ag-A-3 (blue), Ag-A-4 (greemd Ag-A-5
(red). The two higher resolution simulations agree welt, Ag-A-5 gives
somewhat lower stream densities as a result of its higheredeness noise.
Note that, remarkably, the median stream density is withinraer of mag-
nitude of the cosmic mean at all radii. Dashed and dotted diwees give
the 0.5, 2.5, 10, 90, 97.5 and 99.5% points of the distribbutid stream
density at each radius for Ag-A-3. For comparison, the bisalid curve
repeats the mean mass density profile of the halo fron{Figotfe that al-
though the distribution of stream density spans twelve srdémagnitude
in the inner halo, fewer than 1% of dark matter particles aigtieams with
densities exceeding 1% of the local mean.

ever, relatively stable against such effects, so when gigdyaustic
counts it is possible to reduce the softening. We show tleeesffof
this in the bottom panel of Fi§] 6 which compares the caustimt
distribution within 0.16 Mpc in our standard resimulatioittwthat
in two additional resimulations with two and four times shaal
softening. Smaller softening results in better resolutibthe in-
nermost regions both of the main halo and of subhaloes, arsd th
to shorter dynamical times and larger caustic counts fdighes or-
biting in these regions. This is evident as an extensionehigh-
count tail with decreasing softening. Notice, however that re-
gion affected is more than two orders of magnitude below #akp
of the distribution. The shift towards higher counts onlfeefs a
few percent of particles that pass close to halo centre, ledit-
tribution is essentially unaffected below a count of abdi.4

3.2 The distribution of fine-grained stream density

In the standard CDM paradigm, nonlinear evolution in thekdar
matter distribution can be viewed as the continual stregghi
folding and wrapping of an almost 3-dimensional “phasesthe
which initially fills configuration space almost uniformlyna
is confined near the origin in velocity space (see, for exampl
White & Vogelsberger 2009). Caustics are one generic ptiedic
of such evolution. Another is that the phase-space strectear

a typical point within a dark matter halo should consist ofua s
perposition of streams, each of which has extremely smédicve
ity dispersion and a spatial density and mean velocity whianly
smoothly with position. If the number of streams at some {péam
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Figure 8. The number of streams in Ag-A as a function of radius, as esti-
mated from the fine-grained stream densities of individimutation par-
ticles. As in Fig[F, the Ag-A-5 results disagree with thosenf the two
higher resolution simulations, but Ag-A-3 and Ag-A-4 agmeasonably
well. Stream numbers are estimated by dividing the meantgeai®ach ra-
dius by an estimate of the characteristic local density dividual streams.
For this estimate we use both the harmonic mean (solid limed)the me-
dian (dashed lines) stream density for particles in eachalratiell. The
harmonic mean is very sensitive to the low density tail ofgtieam density
distribution, but the agreement between Ag-A-3 and Ag-Ahains good
except at the smallest radii.

example at the position of the Sun, is relatively low, theuhésg
discreteness in the velocity distribution could give riserteasur-
able effects in an energy-sensitive detector of the kind useany
dark matter experiments. To assess this possibility, wd teeesti-
mate the number and density distributions of streams atreaidhs.
Our GDE formalism makes this possible by providing a value fo
the density of the fine-grained stream associated with éaulia
tion particle. The set of stream densities correspondirgatticles
within some spherical shell is thus a (mass-weighted) MQztdo
sampling of the stream densities at that radius.

In Fig.[d we show the distribution of fine-grained stream den-
sity as a function of radius in halo Ag-A. Coloured curvesegiv
radial profiles at = 0 for the median stream density of particles at
three numerical resolutions. Agreement is excellent ataalii for
Ag-A-3 and Ag-A-4 but the lower resolution simulation Ag#\-
gives lower stream densities at all radii because discestenoise
in the tidal tensor is affecting integration of the GDE.

A remarkable result from Fiffl 7 is that the median stream den-
sity depends very little on radius, and is within an order @fgm
nitude of the cosmic mean density at all radii. We found a very
similar result in_Vogelsberger etlal. (2009) for collapsenirself-
similar and spherically symmetric initial conditions, $asi likely
to apply quite generally to collisionless, nonlinear cofla from a
smooth and near-uniform early state. It implies that thé daat-
ter distribution from the immediate neighborhood of a rantjo
chosen point in the early universe is almost equally likelybe
compressed or diluted relative to the cosmic mean by sulbs¢qu
nonlinear evolution, and furthermore that whether it is poessed
or diluted is almost independent of its final distance froro ftan-
tre.
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Figure 9. Histograms of fine-grained stream densityzat 0 for Ag-A-3
particles in set of spherical shells. Labels with the colafigach histogram
give the radial range of the corresponding shell, whileigakidotted lines
correspond to the mean halo density within that shell. Adkdgrams are
normalised to integrate to unity.

The thin dashed and dotted lines in Hif. 7 show the 0.5, 2.5,
10, 90, 97.5 and 99.5% points of the stream-density didtdbu
as a function of distance from the centre of our Ag-A-3 simula
tion. This distribution is very broad, spanning almost 18ers of
magnitude near halo centre. Despite this, withisir2oo even the
upper 0.5% tail of stream densities lies below the mean tieabi
the halo which is shown as a solid black curve for comparigan.
8 kpc, the equivalent of the Solar radius, fewer than 1% odiatk
matter particles are part of a fine-grained stream with dgesi-
ceeding 1% of the local mean halo density. This is a first @it
that fine-grained streams are unlikely to influence diretéat®n
experiments strongly.

The total number of streams at a typical point in a radiallshel
can be estimated from the stream density distribution asatie
of the mean halo density in the shell to the harmonic meanef th
stream densities of the particles it contains. This numbelom-
inated by the extended low-density tail of the stream-dgrdis-
tribution; a very large number of very low-density streampiie-
dicted in the inner regions. A more relevant measure for daat
ter detection can be obtained from the median stream deofdite
particles. Half of all events in a dark matter detector wolfree from
streams with densities exceeding this value, and so willecfrom
a number of streams somewhat less than half the ratio of tlae me
halo density to this median value.

In Fig.[8 we show the results of such calculations for our res-
imulations of Ag-A at various resolutions. Solid lines shthe to-
tal number of streams at each radius estimated from the tméemo
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Figure 10. The fraction of particles in Ag-A-3 at = 0 with halocentric
radii in the ranger to 13 kpc which have fine-grained stream density ex-
ceedingps is plotted as a function gs/(p), where(p) is the mean halo
density atl0 kpc. Half of all particles are in streams withh > 10~7(p).
See the text for a discussion of the other characteristictponarked.

10°

somewhat poorer than for the caustic count statistics wielbat
above, but the results for Ag-A-3 and Ag-A-4 neverthelessage-
markably well. This is particularly notable for the soliddis, given
the sensitivity of the harmonic mean to the low-density ¢éithe
distribution. From Figl 8 we estimate the total number ofatns
at halocentric radii near that of the Sun to be arouft' and the
number of “massive” streams to be abaQf. Clearly CDM haloes
are predicted to be very well mixed in their inner regiong] tre
velocity distribution near the Sun should appear very simoot

We show the distribution of stream densities in a different
form in Fig.[9. For a series of spherical shells with meaniriadi
creasing by factors of two, we have made histograms of the fine
grained stream densities of Ag-A-3 particles, normaligimgm to
unity so that their shapes can be compared. Beyond 30 kpe thes
histograms are all quite similar, and resemble slightiywsatlog-
normal distributions. At the bottom of our plot, three oislef mag-
nitude below peak, they span 14 orders of magnitude in stoesm
sity. At smaller radii, the low-stream-density tail becamaore ex-
tended, the peak of the distribution shifts very little, dhe shape
of the high-stream-density tail is unchanged. The latteteiter-
mined by the behaviour near caustics. As we will see below the
maximumdensities at caustics are predicted to be in the range ex-
plored by this high-mass tail. It is notable that within 2@G:khese
tails do not extend up to the local mean density of the halo.

The implications of these distributions for direct detentex-
periments on Earth are most easily drawn from Eig. 10, which
shows the cumulative distribution of fine-grained streamsttg for

mean stream density, whereas dashed lines show the number ofAg-A-3 particles with7 kpc < r < 13 kpc atz = 0. Specifically,

“massive” streams estimated from the median individuatastr
density. The two estimates differ dramatically, particiylan the
inner halo, reflecting the very broad distribution of stredensities
at each radius, and in particular the presence of simulgtzoti-
cles with very low stream densities. As in [Elg.7, convergeix

we plot the fraction of particles with stream density exdegghs
againstp, /{p), where(p) is the mean halo density at 10 kpc. The
fraction of particles withps > (p) is about2 x 102, so the proba-
bility that a single stream dominates the signal in a diretection
experiment (i.e. that the Earth lies sufficiently close tofficgently
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Figure 11. The panels show a series of snapshots from the evolution g8-AqThe redshift is indicated above each panel. Red anel phints refer to the
same particles in each panel and are plotted in random codbasthe probability of a random pixel being red or blue imtugated region is proportional to
the number of particles of each colour in that pixel. Theiples were selected by separating the full= 0 particle distribution into a series of thin spherical
shells centred on the main halo potential centre, and theasihg in each shell the 1% tails with the highest (blue) amgebt (red) stream density. Blue and
red particles are thus equal in number ana at 0 each population is distributed in distance from halo ceimtrhe same way as the particle distribution
as a whole. Only particles withih0 r2go at z = 0 were considered. The comoving cubic region plotted liely fulthin this particle set at all times and is
centred on the centre of mass of the 200 particles which wesst bound at = 0. Clearly, lowz = 0 stream density particles typically belong to collapsed
structures at early times, whereas high stream densiticleartvere generally part of no structure before they weoeeded smoothly onto the main halo at
relatively late times.
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Figure 12. This figure was constructed in exactly the same way ag Flgn#ilshows the same number of red and blue particles at the satskifts and
within the same spatial regions. The difference is thatiglast were here selected on the basis of the number of caukgy have passed ky= 0, rather
than by their present-day stream density. Thus, for the sahef thin spherical shells as before, red particles ard %hevithin eachz = 0 shell with the
highest caustic count, and the blue particles are the 1%ithétfowest caustic count (random sampled if necessary aipantigles with equal count to obtain
exactly the correct number). Thus the number of red and irgspin the lower right panel of this figure and of Hig] 11 is #ame, and they have exactly the
same distribution in halocentric radius. The small appanember of red points in most panels of this figure is due tddbethat highz = 0 caustic count
particles are strongly concentrated to the centres offzsdid structures at all times. The relatively small numbéaiaé points at the earliest redshifts in this
figure reflects the fact that many blue particles are out$idedgion plotted at early times. The qualitative behavaiithe distributions in this figure and in
Fig.[I] is similar, but the separation into high spatial dgremd near-uniform distributions is much more marked wharticles are selected by caustic count
rather than by stream density. In addition, low caustic ¢qanticles are accreted onto the final halo in a shell-likegpa which is a clear reflection of the
structure seen in spherical infall models of halo formation
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Figure 13. Top panel: Radial profile of the median value of peak caustic

density for simulations at three different resolutionse Tésolution of Ag-
A-5 is too low to get converged results, but the results frogisa4 and
Ag-A-3 agree quite well. Bottom panel: The mean halo dengitfile of
Ag-A-3 is compared to the median and the quartiles of the pleaisity of
caustics as a function of radius. Beyond the virial radiypical caustics
have peak densities which exceed the local mean densitgtiCaun the
inner halo have very low contrast, however.

strong caustic) is about x 10~°. The fraction of particles with
ps > 0.1{p) is about2 x 10™*, hence the probability to see a sin-
gle stream containing 10% of the signal is about 0.002. Gintgil
the fraction of particles witlp, > 0.01(p) is about2 x 1072, so

a single stream containing 1% of the signal will be seen witbp
ability 20%. Finally, the fraction of particles with; > 0.001{p)

is about10~2; this means that at a typical “Earth” location there
will be a few streams which individually contribute morentta1%

of the local dark matter density. Thus an experiment whigfisre
ters 1000 true dark matter “events” should get a few dug@ate.

13
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Figure 14.Local ratio of the spherically averaged intra-stream aitatibn
rate to the spherically averaged smoothed annihilatioa aata function
of radius. The smoothed annihilation rate is calculatedhfeo SPH-based
density estimate using 64 neighbours. The intra-strearhietion rate is
dominated by contributions around caustics. The standaodst factor”
due to unbound small-scale structure is one plus the quapittted on the
vertical axis. Clearly, caustics play essentially no ralemhancing the dark
matter annihilation luminosity of the inner halo. Arounckthirial radius
they contribute about0% to the annihilation signal.

a few tenths of a percent of the total energy density is canat
in a few very narrow “spectral lines”.

3.3 Origin of the tails of the stream density and caustic coun
distributions

Given the very broad range of stream densities and caustitt€o
present at each point within our haloes, it is interestinintes-
tigate how these properties are related to the dynamictriisf
individual particles. We begin by studying stream density.

As we saw above, the “typical” stream density of particles
(specifically, the local median value) is almost indepenhdéfocal
mean halo density, thus of local dynamical time. Lower strelan-
sity corresponds to greater stretching of the initial phatsset and
so, one might think, to more effective dynamical mixing. Am a
ticorrelation of fine-grained phase density with local tabtime
(i.e. with radius) is, however, at most marginally evidemtthe
stream density distributions of Figl 7 and then only in theiv-
stream-density tails. To a first approximation there is noatation
between stream density distribution and radius. The overaan
density profile of the halo is built up by having more strearhs o
every density at smaller radii. Thus the relation of streamnsity
to dynamical mixing is far from evident.

We explore this issue in Fig. l11. Red and blue points here
highlight the positions at a series of redshifts of partalhich at
z = 0 lie within 10 r200 of halo centre. We divided this region
into a set of thin nested spherical shells and then for eaehsk
identified particles in the upper and lower 1% tails of theatn
density distribution. The particles with the highest= 0 stream

events coming from the same fine-grained stream and so havingdensities (which are typically close to caustics) are ptbtilue in

(very nearly) the same velocity. If the dark matter is madevof
ions then a resonant detector should find an energy spectharew
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each panel while those with the lowest stream densitiesciwduie
typically in collapsed regions and far from caustics) amtpt red.
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Thus atz = 0 there are the same number of red and blue points in
the plot, and both populations are distributed in halodemadius
exactly as the mass distribution as a whole. The spatialldlitions

of the two populations differ markedly, however, bothzat 0 and

at all earlier times. Most of the red particles are part ohgbs al-
ready at early times, while most of the blue particles eitipear
diffuse or are distributed relatively smoothly through thain halo

at all times. There is thus indeed a correlation betweeastiden-
sity and dynamical history, despite the lack of correlatietween
stream density and halocentric distance in Eig. 7.

4 agree reasonably well. The peak caustic density caloulgike
that of the stream density, depends on the full phase-spat®-d
tion tensor, so it is not surprising that the convergencegnies of
the two measures are similar. In the bottom panel we compare t
spherically averaged mass density profile of Ag-A-3 withréwdial
distribution of peak caustic density. The thick red linegats the
median profile from the top panel, while thin blue lines shbw t
upper and lower quartiles of peak caustic density as a fomaif
radius. Notice that at each radius the distribution of pemkstic
densities is very broad, mirroring the range of fine-graisedam

The number of caustic passages is a clearer measure of dy-densities seen in Fi§] 7. The peak densities of almost altiau

namical mixing, because it is closely related to the numlbero
bits a particle has executed over its entire dynamical hisitve
examine this using Fi@.12 which is constructed in exactysthme
way as Fig[IlL except that the particles in each- 0 spherical
shell were ranked by caustic count rather than by streamitglens
Qualitatively the two series of plots show some similasitieut the
differences between the red and blue populations are siizdha
more marked in the caustic count case. The red points aresaiio
very close to the centres of collapsed clumps at all timesreds
the blue population is always diffuse except at low redshtien
some of it is accreted onto the main halo. The evolution obibe
particles in FiglIR shows an interesting shell-like stnoetwhich
can be understood with reference to a spherical infall mddahy
of the blue particles have yet to pass a caustic &t0, and so are
on their first passage through the halo. Such particles comne &
narrow range of Lagrangian radii in the initial conditiohence the
apparent shell. The fact that the caustic count is a muckdiatti-
cator of the overall level of dynamical mixing than the streden-
sity is easily understood; the stream density varies stycaigng
the trajectory of each individual particle reaching highues each
time it passes a caustic, whereas the caustic count insreas®o-
tonically with the number of orbits completed.

3.4 Caustics and dark matter annihilation

The number of fine-grained streams passing through the Sgtar
tem is of interest for the search for dark matter using latooya
devices. Caustics, on the other hand, could be of interesndio
rect dark matter searches that focus on the annihilatiodysts
of dark matter particles. Annihilation explanations fornpaf the
apparent “anomalies” in indirect detection signals, faxraple the
rise in the positron fraction detected by PAMELA above the ex
pectation from secondary production, require annihifatiates to
be substantially “boosted” above predictions based omut&ted”
particle physics assumptions and haloes with a locally smadark
matter density field. The annihilation rate per unit voluraio-
portional to the square of the local dark matter density andasn
reach very high values in caustics. Caustics could thugaast lin
principle, provide the necessary boost. To quantify thithveiur
simulations, it is important not only to identify caustibsit also to
estimate their peak densities, since emission around #iegmm-
inates caustic luminosity (see White & Vogelsberger 2009).

In Fig.[I3 we plot median peak caustic density as a function
of radius for Ag-A. To make this plot we recorded the peak eaus
tic density and the radial position at which it was achievedal
particles that pass through a caustic in a short time intanreand
z = 0. We bin these caustic passages into a set of radial shedls, an
then find the median value of peak caustic density for each. she
The top panel shows results at three different resolutibgs3, Ag-
A-4 and Ag-A-5. Again, it is clear that the lower resolutiohAm-
A-5 has significantly affected the results, while Ag-A-3 akgtA-

in the inner part of the halo are substantially below the lloo@an
halo density. A quarter of all caustics have peak densikiesazling
the local mean at abo0t4rz00, but only outside).8r200 do more
than half of the caustics have peak densities higher thatotia
mean density.

The low peak densities predicted for caustics in the innkr, ha
suggest that any annihilation boost will be small. This was a
ready the case for the isolated, smoothly growing halo ethii
Vogelsberger et al. (2009). In/eCDM halo, additional small-scale
structure should decrease stream densities, and thus peaficc
densities, even further. To investigate this, we calculageratio
of intra-stream annihilation (both particles belonginghe same
fine-grained stream) to inter-stream annihilation (the padicles
belonging to different fine-grained streams). The formertwacal-
culated for each simulation particle from its GDE-estindatream
density and can be integrated correctly through caustiicg) uke
formalism ofl White & Vogelsberget (2009). The latter can laé ¢
culated from a SPH kernel estimate of the local smooth datkema
density. For the boost to be substantial the ratio of thegeam
nihilation rates should be large. In F[g.]14 we plot thisadtr
Ag-A as a function of radius, after averaging the rates olier t
spherical shells. Again, results for Ag-A-3 and Ag-A-4 ageell,
while those for Ag-A-5 are clearly affected by its low redadn.
This reflects the similar effects seen in earlier plots céatn and
caustic densities. Fig._1L4 shows that the contribution efstias
to the overall annihilation luminosity is very small — bdast is
completely negligible in the inner halo, and is still smabéut
a factor of 1.1) near the virial radius. This is even lowemthiae
already small effects seen in the smooth halo collapse ationl
presented by Vogelsberger et al. (2009). Since an anndrilat-
terpretation of the PAMELA results requires a boost facfot @
to 1000, caustics are clearly far too weak to provide an expla
nation. Since bound subhaloes are also unable to produe¢ loc
boosts much above unity near the Sun (Springellet al. 2068y},
standard particle physics such as Sommerfeld enhancement (
Sommerfeld _1931; Hisano etlal. 2004, 2005; Cirelli et al. 7200
Arkani-Hamed et al. 2009; Lattanzi & Silk 2009) must be inedk
to explain the PAMELA data through annihilation.

3.5 Object-to-object scatter

In the last few subsections we discussed the fine-grainadtste
of Ag-A in considerable detail and studied how it is affectsd
numerical resolution. It is not, of course, clear how repntstive
these results are, since they are based on a single MilkyI\Way-
halo. To quantify the scatter expected as a result of variatin
formation history, environment, etc., it is important teeck some
of these properties for other haloes. The Aquarius Project-s
lated six Milky Way-mass haloes at very high resolution, and
provides an opportunity to address this issue. The quesfibow
representative these particular haloes are of the full jadipn of
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Figure 15. Top panel: Radial profiles of median caustic count similar to
that in FigtB but for all six Aquarius haloes resimulatedeslution level 4
with a softening of 3.4 kpc. We plot only the region interiontgo in order

to exclude the substantial “noise” at larger radii due taviiddial massive
subhaloes. Bottom panel: Ratio of the individual halo daustunt profiles

to their mean.

similar mass objects is discussed by Boylan-Kolchin 2{2000).
Here, we concentrate on the caustic count profile which wevetio
in Fig[3 to be very well converged in Ag-A-3, Ag-A-4 and Ag&-

at least withinrago where the “noise” due to substructure is small.
Given this robust result, we decided for the following comigan

to rerun the other five Aquarius haloes at resolution leveldrder

to save computation time. All resimulations were carriet with
our standard softening length ®# kpc.

In the top panel of Fid.15 we show profiles of median caus-
tic count as a function of radius for all six Aquarius haloége
plot results withinragp only, since at larger radii the profiles are
subject to large stochastic fluctuations at the positionsagsive
subhaloes (see Fid.5). The variations between the sixhaleael-
atively small and are systematic with radius as can be setrein
lower panel of Figl_Ib where we plot the ratio of each of the-ind
vidual profiles to their mean. Differences are largest indbetral
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regions but still scatter by less than 20% around the meaareTh
is some correlation of the caustic count profile with the abdiass
density profile. Haloes A and C have the most concentrated mas
density profiles (see_Boylan-Kolchin et &l. (2009)) and diswe
the highest caustic counts in the inner regions, as migkehabe
expected. Halo E, on the other hand, is the least concethtofit|
the haloes and yet also has a relatively high caustic cowatthe
centre. Clearly, the details of halo assembly history decifthe
median number of caustic passages significantly. This isleier-
mined purely by the local dynamical time of the final halo.

In Fig.[18 we do the same exercise for the number of streams.
For each of our resimulated Aquarius haloes we use the median
stream density of the particles at each radius to estimateg c
acteristic stream number, as in the dashed curves of Fig.iéwh
demonstrate that good convergence is achieved at resolatiel 4.
We plot the profiles out tBrs in this case; at larger radii stochas-
tic effects due to massive subhaloes again dominate thaticars.
The top panel shows the profiles themselves, while the loaeelp
plots the ratio of each individual profile to their (geomeXrinean.
Halo-to-halo differences here are larger than for the éaastnts,
but still relatively modest given the large dynamic range¢hef ra-
dial variation. It is interesting that the ranking of haltese is sim-
ilar but not identical to that in the caustic count profiled=ad.[13;
the most concentrated haloes A and C not only have the largest
caustic counts in their inner regions, but also the smatiestbers
of streams. This is unexpected since a naive argument mayle h
led one to expect that a larger number of caustics would spored
to alarger number of streams.

4 CONCLUDING REMARKS

We have demonstrated how N-body simulation techniques ean b
extended to follow fine-grained structure and the assaticdels-
tics during the formation of dark matter haloes from fullyngeal
ACDM initial conditions. We have shown that our integratiarfs
the geodesic deviation equation (GDE) give numericallyeoged
results for the distributions of fine-grained stream deresitd caus-
tic structure provided somewhat larger gravitationalesifigs are
used than in traditional N-body simulations. We have reiteal
the six Milky Way-mass haloes of the Aquarius Project, aitmyv
us to analyse the scatter in fine-grained properties amdog$af
similar mass.

By identifying caustic passages along its trajectory, we ar
able to assign a cumulative caustic count to each simulg@wn
ticle which is robust against numerical noise and servesdicate
the extent of dynamical mixing in its phase-space neightmmth
This caustic count provides an excellent means to highlsgifs
haloes and tidal streams irwv, phase-space plots, because parti-
cles which became part of condensed structures at earlg tiora-
plete more orbits, and so pass more caustics than partid¢iehw
remain diffuse until accreted onto the main halo. Filtetimg parti-
cle distribution by caustic count decomposes it into inkedrating
components which have experienced different levels of ayoal
mixing. Particles that have passed no caustic form an alost
form subcomponent, while particles with large caustic ¢dery.
> 50) are found only in the dense inner regions of haloes. Pasticl
with intermediate count outline the skeleton of the cosmébw

Direct dark matter detection experiments are, in pringigpda-
sitive to the fine-grained structure of the Milky Way’s halotlae
position of the Sun. It is especially important to know if grsfi-
cant fraction of the local dark matter density could be dboted
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Figure 16. Top panel: Stream number, defined as for the dashed curves of

Fig.[8, for the six Aquarius haloes at level 4 resolution aiitth wur fiducial

softening length 08.4 kpc. We plot out t@r20 since at larger radii these
profiles are affected by individual massive subhaloes.dBofpanel: Ratio

of the individual halo stream number profiles to their (getioemean.

a one or a few fine-grained streams, since each of these weuld b

made of particles of a single velocity with negligible disgien.

If many streams contribute to the local density and none isi€do

nant, then a smooth velocity distribution can be assumedsitns
ulations show the unexpected result that the distributibfine-
grained stream density is almost independent of radiusimitie
virialised region of dark matter haloes. Only the low-densail
of the distribution appears to extend downwards at smaii. ad-
cause of the extreme breadth of the distribution, a veryelargm-

ber of streams~ 10'?) is predicted at the Solar position within

the Milky Way, but about half of the total local dark mattendiy

is contributed by tha0® most massive streams. The most massive

individual stream is expected to contribute about 0.1% efitical

dark matter density. Thus dark matter detection experiserey

safely assume the velocity distribution of the dark mattatiples
to be smooth.

It has been suggested that the very high local densitiegiasso
ated with caustics might significantly enhance dark matbeita-
lation rates in dark matter haloes, and thus be of consitiesdy-
nificance for indirect detection experiments. Indeed, tonpletely
cold dark matter it can be shown that the contribution fromsea
tics is logarithmically divergent and hence dominant (Hoaa01).
This divergence is tamed by the small but finite initial vétpdis-
persions expected for realistic CDM candidates, and calicunls
for idealised, spherical self-similar models indicate tguinod-
est enhancements for standard WIMPs_(Mohayaee & Shandarin
2006). Our methods allow us to identify all caustics durirggoh
formation from fully generaACDM initial conditions. We find that
they are predicted to make a substantially smaller corttabuo
the local annihilation rate than in the spherical model sTikibe-
cause the more complex orbital structure of realistic ratesults
in lower densities for typical fine-grained streams and tbhuewer
caustic densities when these streams are folded. The esthant
due to caustics near the Sun is predicted to be well belafé and
so to be completely negligible. Only in the outermost halegithe
enhancement reach 10%. The standard N-body techniqueiof est
mating annihilation rates from SPH estimates of local DMsikies
(see, for example, Springel etlal. 2008b) should therefenehlis-
tic, and such estimates will not be significantly enhanceddys-
tics. Similarly, caustics cannot be invoked to provide trgé boost
factors required by annihilation interpretations of ‘aradi@s’ in re-
cently measured cosmic ray spectra from the PAMELA or ATIC
experiments. Given that unresolved small subhaloes alseeajn-
sufficient to provide a substantial boast (Springel et aQ8), an
annihilation interpretation of these signals is only tdaeatith non-
standard annihilation cross-sections.

Our comparison of results for the six different haloes of the
Aquarius Project showed that the halo-to-halo variatiothefine-
grained properties we have studied is relatively small,thod does
not have significant impact on the applicability of our pipat con-
clusions to the particular case of our own Milky Way. Thus finel
conclusion must be that the fine-grained structur&@DM haloes
has almost no influence on the likelihood of success of dimect
indirect dark matter detection experiments.
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