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NASA FINDS
DIRECT PROOF OF DARK MATTER

*“BASED ON OBSERVATIONS MADE WITH THE NASA/ESA
HUBBLE SPACE TELESCOPE, OBTAINED AT THE SPACE
TELESCOPE SCIENCE INSTITUTE, WHICH IS OPERATED
BY THE ASSOCIATION OF UNIVERSITIES FOR RESEARCH
IN ASTRONOMY, INC., UNDER NASA CONTRACT NAS 5—-
26555, UNDER PROGRAM 10200, THE 6.5 METER MAGEL-
LAN TELESCOPES LOCATED AT LAS CAMPANAS OBSER-
VATORY, CHILE, THE ESO TELESCOPES AT THE PARANAL
OBSERVATORIES UNDER PROGRAM IDS 72.A-0511, 60.A-
9203, AND 64.0-0332, AND WITH THE NASA CHANDRA X-
RAY OBSERVATORY, OPERATED BY THE SMITHSONIAN
ASTROPHYSICS OBSERVATORY UNDER CONTRACT TO
NASA.




SHOCK FRONT

BULLET-3HAPED HOT GAS







Dark matter and hot gas are different !




The two subclusters have collided 150 Myr ago




Optical Image with Chandra X-—ray Contours

NASA Chandra ESO NTT




HS'T Image with k-Map Contours




Gravitational Lensing : a Speaker’s Digest




object without distortion
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Fic. 3.— The reconstructed (left) and the original (right) surface mass density x of the simulated cluster described in section 3. The
symbols in the left panel denote the image positions of the four multiple-image systems at zs = {0.8,1.0,3.0,5.0} which we use for the
reconstruction. The contour levels, which are the same in both panels, are linearly spaced with Ax = 0.38, starting at x = 0.4 for a fiducial
source at infinite redshift, zg — co.



4 Bradac et al.

Fic. 1.— The two F606W pointings of the main and sub component region of 1E0657—56. Multiply imaged systems are marked and
labeled (see also Table 1). White crosses denote the positions of the southern cD of the main and BCG of the subcluster.



A DIRECT EMPIRICAL PROOF OF THE EXISTENCE OF DARK MATTER *

Doucras CLOWE!, MARUSA BRADAC?, ANTHONY H. GONZALEZ®, MAXIM MARKEVITCHY®, ScorT W. RANDALL®,
CHRISTINE JONES*, AND DENNIS ZARITSKY!
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Fia. 1.— Shown above in the top panel is a color image from the Magellan images of the merging cluster 1E0657—558, with the white
bar indicating 200 kpc at the distance of the cluster. In the bottom panel is a 500 ks Chandra image of the cluster. Shown in green contours
in both panels are the weak lensing s reconstruction with the outer contour level at x = 0.16 and increasing in steps of 0.07. The white
contours show the errors on the positions of the k peaks and correspond to 68.3%, 95.5%, and 99.7% confidence levels. The blue +s show
the location of the centers used to measure the masses of the plasma clouds in Table 2.



ON THE PROOF OF DARK MATTER, THE LAW OF GRAVITY AND THE MASS OF NEUTRINOS

GARRY W. ANcUs', HUANYUAN SHAN?', HONGSHENG ZHAO'?, BENOIT FAMAEY®
Draft version January 4, 2007
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ON THE PROOF OF DARK MATTER, THE LAW OF GRAVITY AND THE MASS OF NEUTRINOS

GARRY W. ANcus!, HUANYUAN SHAN®!, HONGSHENG ZHAO"?, BENOIT FAMAEY®
Draft version January 4, 2007
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Convergence x Maps
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Convergence x Maps

Several depths Dg are selected




Distribution of Dark Matter HST = ACS/WFC

. \\
\ 6.5 billion
5 billion years ago

3.5 billion years ago

years ago

NASA, ESA, and R. Massey (California Institute of Technology) STScl-PRC07-01a
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Figure 5 | 3D reconstruction of the dark matter distribution. The three axes correspond to Right
Ascension, Declination, and redshift: with distance from the Earth increasing towards the bottom. The
redshift scale is highly compressed, and the survey volume is really an elongated cone. An isodensity
contour has been drawn at a level of 1,6x10"? ithin a circle of radius 700 kpc and Az=0.05. This
was chosen arbitrarily to highlight thq filamentary structure] The faint background shows the full
distribution, with the level of the grey scal¢ cortesponding to the local density. Additional views are
provided in supplementary Fig. 7.




THE 3D SKELETON OF THE SDSS

THIERRY SOUSBIE', CHRISTOPHE PicHON"?, HELENE COURTOIS', STEPHANE COLOMBIZ, DMITRI NOVIKOV®
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9

JURG DIEMAND"?, MICHAEL |

Fic. 2.— Projected dark matter density-squared map of our simulated Milky
image covers an area of 800 x
The logarithmic color scale covers 20 decades in density-square.




JURG DIEMAND'?, MICHAEL KUHLEN'?, & PIERO MADAU'!
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Fic. 9.— All-sky map of the DM annihilation flux & /K (R'I%kpc_5 st~ 1) in our Via Lactea halo, for an observer located 8 kpc from
the Galactic center. The insets show zoom-in’s of a 40° x 40° region around the anticenter (left) and the brightest subhalo (right).



Tobias Goerdt'™, Oleg Y. Gnedin?, Ben Moore!, Jiirg Diemand?® &
Joachim Stadel

ABSTRACT

If the dark matter particle is a neutralino then the first structures to form are cuspy
cold dark matter (CDM) haloes collapsing after redshifts z ~ 100 in the mass range
10% — 1072 M. We carry out a detailed study of the survival of these micro-haloes
in the Galaxy as they experience tidal encounters with stars, molecular clouds, and
other dark matter substructures. We test the validity of analytic impulsive heating
calculations using high resolution N-body simulations. A major limitation of analytic
estimates is that mean energy inputs are compared to mean binding energies, instead
of the actual mass lost from the system. This energy criterion leads to an overestimate
of the stripped mass and underestimate of the disruption timescale since CDM haloes
are strongly bound in their inner parts. We show that a significant fraction of material
from CDM micro-haloes can be unbound by encounters with Galactic substructure and
stars, |however the cuspy central regions remain relatively intact| Furthermore, the
micro-haloes near the solar radius are those which collapse significantly earlier than

average and will suffer very little mass loss. Thus we expect a fraction of surviving
bound micro-haloes, a smooth component with narrow features in phase space, which
may be uncovered by direct detection experiments, as well as numerous surviving cuspy
cores with proper motions of arc-minutes per year, which can be detected indirectly
via_their annihilation into gamma-rays.




3) Computing the odds of the galactic lottery

CURRENT JACKPOT

5 10° neutralinos

Estimated for 3/31/2006

Julien Lavalle', Jonathan Pochon?, Pierre Salati**, and Richard Taillet*

astro-ph /0603796 — accepted in A&A

Torsten Bringmann and Pierre Salati

astro-ph /0612514 — accepted in PRD

G. Bertone, P. Brun, J. Lavalle, P. Salati and R. Taillet
IMBHSs — in preparation
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3.1) Motivations for this analysis

J.Lavalle, J.Pochon, P.Salati & R.Taillet (2006)
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J.Lavalle, J.Pochon, P.Salati & R.Taillet (2006)
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J.Lavalle, J.Pochon, P.Salati & R.Taillet (2006)
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J.Lavalle, J.Pochon, P.Salati & R.Taillet (2006)

Primary contribution (clumpy)
Primary contribution {(smoothy)
——— Background from SM38
Total (elumpy)

Total (smoothy)

Wrong boost

HEAT data

M, =10"M_, - B_ =200
p = rZ(r.= 0.5 kpc)
m, .. = 50 GeV (m_,. = 6 TeV)

Random clumpy halo
Closest clump at ~0.25 kpc




+

+

positron fraction e /(e +e’)

=
=k

J.Lavalle, J.Pochon, P.Salati & R.Taillet (2006)
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H(_)W probable is that 7
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Positron line as the DM signal y +xy — ete™

DM halo

your favorite model e’ propagation




e Without clumps — with the smooth DM distribution p(Z) = ps

b5 = S/ G (7) {Ps (f)}z o

DM halo L0

e With clumps — with the DM distribution p(Z) = p., + dp

random behaviour !

Boost factor B = 2

Ds



[ssues in the presence of DM clumps

e Typical length for positron propagation = G (¥)

e Definition of the clump boost factor B, at the source

e Statistical law and distribution of probability for B 7

e What is the average boost (B) = Beg and the variance op 7

e Do B.g and op depend on the energy 7



3.2) Positron Galactic propagation — a reminder







Baltz & Edsjo trick

p=e1y and Q=€e"°Q and {(E)=r1g {’U(E) — o }
> 1 — «

pseudo—time ¢

L

Heat eqlua,tion !
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Positron propagator
Eq =500 GeV — FE =450 GeV

. . T ~ - o~
Ge+ (xGME(_x?ES) — EE€2 G(I@yt%xytkg)
0

Ry = 20 kpe

Milky Way seen from above




Positron propagator

Eq =500 GeV — FE =450 GeV

— — TE = — il —
Ge+ (xGHE(_xyES) — El €2 G(ZE@?t<—ZU,
0

Typical rangt \p = V4 Ko7




Positron propagator

F¢ =500 GeV — FE =100 GeV

Vs increases as £ decreases
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Positron diffusion length A

J. Lavalle, J. Pochon, P. Salati & R. Taillet (20086)
T T T T T T T T

Ap = VA KT |
&< 1 ]

slab thickness L. = 3 kpc -

G

100 GeV -

&> 1
L2
A KT
E. = 10 GeV

S

10 100
Positron Energy E at the Earth [GeV]



Clumps are small with respect to Ap

I

- 0p(7) ) 3=
ith clump L0




The clump boost factor B.

/ d°Z op(¥) =|M,.| and / d*T 0p*(Z) =|B. po

clump clump

Self gravitating system

B(:) — ] ’O() B C




Clumps are small with respect to Ap

I

- 0p(T) ’ 3 =
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o = S x {gi = } x G(Z;)
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3.3) Statistical analysis of the positron signal fluctuations

(i) To simplify the discussion — without loss of generality — we assume
that clumps are identical.

¢—¢;+( Z‘PZ—SX

XZG)

(ii) The actual distribution of DM substructures is one particular
realization € statistical ensemble of all the possible random

distributions.

(pr) and o7 = (¢7) — (dr)°
Bt = (B=¢/¢ps) and op=0,/¢s
(iii) Clumps are distributed independently of each other.

Therefore, we just need to determine how a single clump is distributed
inside the galactic halo in order to derive the statistical properties of an

entire constellation of Ny such substructures.

(¢r) = Nu () and o= Nyo®= Ny {{g*) — (©)*}



(iv) The set of the random distributions of one single clump inside the
domain Dy forms the statistical ensemble 7 which we need to consider.
An event from that ensemble consists in a clump located at position ¥
within the elementary volume d*Z.




(v) In the following analysis we have furthermore assumed that clumps
trace the smooth DM distribution. This is not generally correct —
see IMBHs !
dP = r) 37 = ———=
p(E) &°F = =

(vi) We have finally assumed that p, = (1 — f) x ps so that

b—(1— ). + (@Sx B‘fpf)”‘f XZGZ)

Analytical determination of Beg and op

Comparison between analytical and Monte-Carlo




Effective Boost Factor B_;
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The clump boost factor B.

/ d°Z op(¥) =|M,.| and / d*T 0p*(Z) =|B. po

clump clump

Self gravitating system

B(:) — ] ’O() B C




J. Lavalle, J. Pochon, P. Salati & R. Taillet (2006)
T T T T T T T

34 [ . —————
sz - NFW DM Halo — p « 1/r
30 Bgoae — 20 kpc

28 |
26 [ Clump Fraction f = 0.2
24 B, = 100

22

Effective boost factor B, and its 1-¢ range

1 10 100

Vs increases as E decreases




The hard—sphere approach

The signal originates from the volume Vg = (/27 )\D)g

Binomial density of probability for one clump
Plp) = pdle™ Puax) T —p) 0(p)
7 cinmps inside

M s Vg g.l®)
iy = S L e : 1 —
T M (=)

Possson distribution

P(n) = 2 exp (—Ng) where Ng = p Ny

On average (n) clumps generate the signal
o o 1

= Vs ps(©) and = =

A A VG,




J. Lavalle, J. Pochon, P. Salati & R. Taillet (2006)
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The large Ng limit

The Poisson statistics becomes Maxwellian

1
P(d=n— Ng) = N exp (— 6*/2Ng)

The 1-clump distribution P(¢) is continuous !

The theorem of the central limit

73{@ = Z %} = —217“72 exp {_ (&r _20<2¢r>) }

P{B =¢/¢s} = \/2;7 exp { (B ;;;eﬁ) }

P{n = B/Bsg} = ! 2exp{—(n_l)}

5
2o, 20,




Analytical versus Monte Carlo

e Substructures contribute a fraction f = 0.2 to the mass of the Milky
Way dark matter halo.

e A NFW profile is assumed with typical scale 25 kpc.
e Each clump has a mass of 10° M.,.

e 10° different Monte-Carlo realizations of the distribution of
substructures.

e FEach Monte—Carlo realization involves 271,488 clumps.

e The positron injection energy is EFg = 100 GeV.

To be compared to the analytical results

E Beﬂ‘ O'n:O'B/Beff NS

50 | 20.09 0.04338 498.0
65 | 20.32 0.06472 223.5
30 | 20.48 0.10966 78.0

90 | 20.57 0.19680 24.2
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The small Ng limit

The distribution of probability is the product of convolution

Prny =PrxPr*...x P

PNH {O < L < @ma.x} = NH X 731 ((1‘9)
P,(0)/n
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Fig. 10. Probability distribution P, (¢)/n for n = 1, 2 and 3, obtained by consecutive

convolutions of Py (¢).
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3.4) Intermediate mass black holes — IMBHs

y
Scenario 1 : N ( Scenario 2 : B
Remnants of first stars (pop. III) Collapse of primordial baryon gas
M, = 102M, M,=10°M,
" RN 4
S —
S

v

—
—

—
(@8

vy =3/2

In 2 cases, the over-density increases :

p(r)

Fannihilation X

P. Brun — ENTApP Meeting ‘06 a I'Institut d’Astrophysique de Paris



MINI-SPIKES FEATURES

Dark matter density around a type 2 IMBH :

Py, Each Black hole 1s described by M, p, a, r
plna.\'
3o e 2 127 14
/ A>T (5py)” = —r3p2 (—,u, —1
bh S 9
(r.~1pc
P, N s~ 1P i
T — { a=o0.1 PC with = (prn ax ) 7
)
~ ~8 s
a r, r \ “schwartzchild 10 pc
My
X
Pmax =
ov T

= The annihilation rate has not the usual dependence on ov and m_ :

~

Less model dependent predictions

A

Intuitively, Because of the p,,,. dependence,
ov a decrease of ov
I' x — 2/7,-9/7 . .
m?2 I' « (O‘ U) / m / 1s partially compensated by the
X

\[ncrease of density around IMBHS/

P. Brun — ENTApP Meeting ‘06 a I'Institut d’Astrophysique de Paris
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NUMBER OF IMBHS AND SPATIAL DISTRIBUTION

Antimatter fluxes (r.B., G. Bertone, J. Lavalle, P. Salati, R. Taillet) :

convolution between the Green function and the probability density functions

Number of unmerged black holes Spatial repartition
as . § *  Data from cosmological simulationg
= Entries 200 33 _ o
- E A —— — Used parameterization
30~ Mean 07.84 r"— 10 ;_ l'
E RMS 20.72 '8- ? I »  Case ofa NFW profile
251 Z0%E | . S
- -3 :_ | \ ““.‘N
- o ‘:j 107 E ‘ -‘\\ A«,‘.“
= 20— o E Ty
- - .= ne ‘u‘_‘
':: - E 104 : | "’\% e,
15 S 105k : \\ P
L Q. E
L o £
10f. 2otk | ™~
: S A
sE > £ |
E ; I 10°E l \
0 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 | 7l 1 F ! 1 :_I}—r 9 j
60 80 100 120 140 160 180 el ' : —u

1 10

Number of black hol - realizati : . : 10
Thel oF DA fotes per reatization Distance from Galactic Center [ kpc |

N,, = 98 + 20 Near Galactic Cénterj, blagk holes
have lost their mini-spikes
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Effective boost factor
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Monte Carlo data

—— Mean B (analytical)

- B maxima (analytical)
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Small Ng regime

10°E . Monte Carlo simulation

—— Analytical expectation
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Positron flux (GeV'.cm2srls?)

Positron flux in the IM.
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Work in progress !

e Are IMBH clumps detectable with positrons 7
e How far can we probe the SUSY parameter space 7
e Could antiprotons set also stringent constraints 7

e What about Universal Extra Dimensions in that case ?



4) Conclusions and perspectives

MOND has well survived the bullet cluster !

A plausible alternative including neutrinos

3D clear picture of the dark skies has emerged

DM indirect signatures and clumps

We have the tools !

e The boost factor of the signal B.y depends on the energy

e T'wo statistical regimes appear depending on Ng — the average number
of clumps that participate in the signal at the Earth.

oy oR 1

-/

<Qr> Bt vV Ng

e Large Ng = maxwellian distribution.

e Small Ng = PNH {O < p < (,Omax} ~ Ny X Py ((,0)



