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Indirect detection of Dark Matter

Non-baryonic DM may explain a large fraction of the masses of galaxies and clusters o f
made of exotic annihilating particles , we might detect indirect signatures by means of astro-

nomical device

Co_urfesy P. Salati

® ~and v: travel directly from the source
to the observer —> Needs of large DM density regions

(Centers of galaxies)

® Antimatter cosmic rays:  diffuse on the
magnetic turbulences
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e background study in prep

~vand v: tre
to the observe

Antimatter cosmic T8
magnetic turbulences

L Dark Matter

d clusters O f
geans of astro-

5Bprin’1>< <ov >

derim
dEs

G(Ze, E — &g, Eg) % p2,(Zs)

Dark matter distribution
Prescriptions from N-body cosmological simulation 2
Found to not be smooth: clumpiness effects ? ssy P. Salati_

Propagation Green function density regions
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d clusters If
geans of astro-

Baltz & Edsjo, 98
Boost factor of 55

H

Positron fraction, € / (6" + €)

e background study

E.A. Baltz and J. Edsj6, 1998
T T T T TTT

- = HEAT 94+95 - S'Egaj thkg |

—— Bkg. only fit
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o

(d) Example 4
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2sy P. Salati

® ~and v: trY

to the observe density regions

® Antimatter cosmic |
magnetic turbulences
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Inhomogeneous halo
and boosted annihilation rate

Though the topic is controversial, clumps
are predicted by theory and

simulations of hierarchical formation of
structures (in the frame of ACDM)

Annihilation rate is increased in a
characteristic volume, because
<ni >>< ngm >2

(Silk & Stebbins ApJ'93)

The boost factor to the annihilation rate is

related to the statistical variance via
B <Mdm>

ann <ndm>2
There is some scatter in N-body experi-
ments: how to translate theoretical un-
certainties to flux uncertainties ? what
and where are the less ambiguous sig-
natures, if so ?

(Fig. from Diemand et al, MNRAS’04)
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Inhomogeneous halo
and boosted annihilation rate

Though the topic is controversial, clumps
are predicted by theory and

simulations of hierarchical formation of

e structures (in the frame of ACDM)

If unclurhpy: |

amooth ¢ = . Annihilation rate is increased in a
| P (@) = p(D)

characteristic volume, because
2 2
< N3y >>< ngm >

_ Otherwise: . .
1 . . (Silk & Stebbins ApJ’93)
pom (&) = (1 = fp(@) |
+ 5N Moy x 83(% — &) | © The boost factor to the annihilation rate is
: related to the2 statistical variance via

. <ndm>

Effective boost2 SN g ‘ Bann ~ T
_|_ 7 cl,1 i

Beff%(l—f)

¢Snlooth

There is some scatter in N-body experi-
ments: how to translate theoretical un-
certainties to flux uncertainties ? what
and where are the less ambiguous sig-
natures, if so ?

(Fig. from Diemand et al, MNRAS’04)
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Short remark: ~-rays vs antimatter cosmic rays

M

Co_urfesy P. Salati

©® over a small solid angle around the line
of sight for ~v—rays and v’s —> Boost factors are not the same !
(see L.Pieri’s talk)

©® over a rather small volume around the
Earth for antimatter CRs, due to diffu-

sion processes Julien Lavalle, TeV Particle Astrophysics — Beijing, 24-28/09/2008 — p.4/20



Sub-TeV Cosmic ray propagation in the Galaxy
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Sub-TeV Cosmic ray propagation in the Galaxy

= O mm—— e

cf. e.g. Berezinsky (1990)

©  Cylindrical diffusive halo
R ~ 20kpc, L ~ 3kpc
diffusion off magnetic
inhomogeneities,
reacceleration.

© Gaseous disc (h ~ 0.1kpc) :
spallation + convection upside
down.

© free parameters :
K(E)7 L7 R7 VC') VA

....... (Figure by D. Maurin)
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Sub-TeV Cosmicfay propagation in the Galaxy

— E— __— - e

cf. e.g. Berezinsky (1990)

©  Cylindrical diffusive halo
R ~ 20kpc, L ~ 3kpc
diffusion off magnelic
inhomogeneities,
reacceleration.

© Gaseous disc (h fv 0.1kpc) :
spallation + convedti '
down.

© free parameters :
K(E)7 L7 R7 VC') VA

....... (Figure by D. Maurin)
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Diffusion equation for e*/p

- e g

(cf. Bulanov & Dogel 73, Baltz & Edsj0 98, Lavalle et al 07, etc):

0, dn +0p(b(E) %) + QB &,1) = 0

Green equation for antiprotons (cf. e.g. Maurin et al 01):

(KA + Vel +2hl0i6(2) } GP = §(F — 1)
Energy losses :
IC on star light and CMB convection
+ synchrotron
_ _E? source :
spallation b(E) = 57

With 75 ~ 10165 injected spectrum

Uncertainties and degeneracies on parameters in Maurin et al 01

(Complementary & full numerical: Galprop , Strong & Moskalenko
98-08)
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Energy-dependent diffusion scales for et and p

M

eT’s lose energy :

survey larger and larger
volumes when detected at
lower and lower energies

p's do not lose energy, but
convective wind and
spallation processes very
efficient at low energy

survey larger volume at high
energies

Ay /L

10

Characteristic diffusion length (for L = 4 kpc) //"/
- anti-proton [E__ =1 TeV] ;
positron [ES =1TeV] R
....... positron [ES = 0.5 TeV] X4
.............. positron [ES =0.25 TeV] ,/’/

| IIIIIII|| | IIIIIII| | IIIIIII| | 11 11119

10" -
10

10° 102 10"

[ED/ESfore Jor[E/E __ for P ]
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Energy-dependent diffusion scales for

et and p

eT’s lose energy :

survey larger and larger
volumes when detected at
lower and lower energies

p's do not lose energy, but
convective wind and
spallation processes very
efficient at low energy

survey larger volume at high
energies

araGteristic diffusion length (for L = 4 kpc)
R amproton [E =1 TeV]

| IIIIIII| | IIIIIII| | 11 11119

10" -
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10°

102 10™
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Effective volume picture for the smooth contribution
Inject a 200 GeV et with Q(r) = p*(r) ocr 2 ...
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Effective volume picture for the smooth contribution
Inject a 200 GeV e with Q(r) = p*(r) oc 772 ...

Simplest view of propagation

S o2
G x exp _|st_2:1:@|
D

with \p = \/4KoAt = f(Es, Ep)

O

— Detection volume scaling a
sphere of radius Ap @150 GeV

«— 2x R=40kpc —

Figures:

galactic plane at z=0 kpc
x and y from -20 to 20 kpc

Earth located at (x = 8,y = 0) kpc @
2D plots of

G(Z,200GeV — %X, E) x p?

@100 GeV

| Q10 GeV

0
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Computing the odds of the Galactic Lottery:
ldentical clumps tracking the smooth halo

M
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Boost for antimatter CRs

Computing the odds of the Galactic Lottery:
ldentical clumps tracking the smooth halo

(J.L, J.Pochon, P.Salati & R.Taillet — A&A 462,

2007)
©

Long believed to be simple rescaling of
fluxes ...

This picture is wrong . Due to
propagation effects, boost is a
non-trivial function of energy

Variance depends on the number of
clumps within the volume bounded by
diffusion length A p: increases when the
population when \p decreases

(N 1/\/ Neff)'

The recipe applies to any kind of
sources

Predictions for N-body-like models ???

Effective boost factor B, and its 1—-o¢ range

w

4
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S N~ DY

M

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

F ' ' T T |
-~ NFW DM Halo — p =« 1/r

- ascale - 25 [kpC]

— Clump Fraction f = 0.2 B

~ B, = 100 max

E_ z Bmin

- M =104 M, _
- —— M _=10° M, ]
- —— M_=108 M, |
- N . ]
1 10 100

Positron Energy E at the Earth [GeV]
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Cosmological sub-halos:
Results of the state-of-the-art N-body experiments

M
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Cosmological sub-halos:
Results of the state-of-the-art N-body experiments

M

What is important is to know the luminosity
PDF and spatial PDF.

N-body results as input ingredients , and al- NFW vs cored isothermal
lowed [ranges] :

S0
o Space distribution of clumps
© Spatial distribution St — NFw
. [cored isothermal — smooth-like] =l - Coredisen
10"
6 Mass distribution : ool
minimal clump mass M,;n -
[106 — 10~6 M, T
logarithmic slope an, [1.8-2.0] 10°
© Spherical inner profile(s) for clumps 10'9?
o r~ 7Y, with v €[NFW-Moore]=[1,1.5] 10.1;0’1 bl
- 1 10
and concentration [Eke et al 01 — Bullock radius [kpc]

et al 01]
[ Clump luminosity =& = f(M)]
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Cosmological sub-halos:
Results of the state-of-the-art N-body experiments

M

What is important is to know the luminosity
PDF and spatial PDF.

N-body results as input ingredients , and al-
lowed [ranges] : 10%

Diemand et al (2005)

1015 i

© Spatial distribution
. [cored isothermal — smooth-like]

=

o
1
IS

=

o
i
w

©® Mass distribution
minimal clump mass M,in
[106 — 10~ %Mo),
logarithmic slope ay, [1.8-2.0]

dn(M) / dlog M [(h™*Mpc) ]
[EEN
o

© Spherical inner profile(s) for clumps 10°
o r~ 7, with v €[NFW-Moore]=[1,1.5]
and concentration [Eke et al 01 — Bullock
et al 01]

[ Clump luminosity =& = f(M)]
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Cosmological sub-halos:
Results of the state-of-the-art N-body experiments

M

What is important is to know the luminosity
PDF and spatial PDF.

N-body results as input ingredients , and al-
lowed [ranges] :

BO1 BO1 ENSO1
EnFw =~ 0.1 X &yrlore =~ 10 X ENpw

W 102 Ref=¢
© Spatial distribution = £ et
; N T &% I Ref
. [cored isothermal — smooth-like] £ |

©® Mass distribution
minimal clump mass M,in
[106 — 10~ %Mo),
logarithmic slope ay, [1.8-2.0]

© Spherical inner profile(s) for clumps

o< =7, with v €[NFW-Moore]=[1,1.5] e
and concentration [Eke et al 01 — Bullock My, (SOlar unit)
et al 01]

[ Clump luminosity =& = f(M)]
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Results for e* and p using different models

of N-body-like clumps
M

Next slides: (i) Fluxes — & clumps (i) Boosts

o dPS) 5 _dPZ . AN
bt (D) = SX{/dMSd(M) X }X{/d F— /dE’ G(®,E — &, E') x T
Beff ~ 1 _|_ ¢2(1)t(@)
Positrons:

6 Source: injection of a 200 GeV line
Antiprotons:

6 Source: flat spectrum (1/GeV)
Both:

© Assume annihilation rate of m, = 200GeV
and (ov) = 3 x 107%%cm? /s

6 Spectra between 0.1-200 GeV

Julien Lavalle, TeV Particle Astrophysics — Beijing, 24-28/09/2008 — p.11/20



Primary fluxes for a 200 GeV e™ line / antiprotons

Extreme configurations Mpy;n = 107%|10° Mg, am = 1.8|2.0,
inner-NFW/Moore, BO1/ENSO1,
cored/smooth-like space distril?ution (smooth = NFW)

o 1

+ 1
O Ve, Inter and Min boost configurations 5 Lot Max, Inter and Min boost configurations 6
' = - Min: cored, inner NFW,M_ =10",a =1.8
;'__' o = Min: cored, inner NFW, M__= 10%, 0 = 1.8 &7 107 e
' ' ’ * Vmin ’ ' 7 B nter: NFW, inner NFW, M_ =10°,a =1.9
10’ B Inter: NFW, inner NFW, M_ =10°,a =1.9 w0 YR
. ' ' " min ’6 ' 5 JFE 0 o Max: NFW, inner Moore, M. = 107, a=2
n we L . i - 10 = 1 10*
o Max: NFW, inner Moore, M . =10",a =2 N —&— smooth flux (med)
= &
S °
>
(D]
O,

2

1 10 10

E [GeV] T [GeV]
Lavalle, Yuan, Maurin & Bi — A&A 429, 427 (2008)
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+

B for e

10

Boost factors for a 200 GeV

et line / antiprotons

M

Extreme configurations

Max, Inter and Min boost configurations
- Min: cored, inner NFW, Mmin = 106, a=18

- Inter: NFW, inner NFW, M = 10% a=1.9

Max: NFW, inner Moore, Mmin = 10'6, a=2

10 10°

E [GeV]

10

Mpin = 107%]10° Mg, am = 1.8]2.0,
inner-NFW/Moore, BO1/ENSO1,
cored/smooth-like space distril?ution (smooth = NFW)

o

10°

Max, Inter and Min boost configurations
- Min: cored, inner NFW, Mmin = 106, a=1.8
- Inter: NFW, inner NFW, M_ =107, a = 1.9

Max: NFW, inner Moore, Mmin = 10'6, a=2

| I | |
1 10 10°

T [GeV]

Lavalle, Yuan, Maurin & Bi — A&A 429, 427 (2008)
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+

B for e

10

Boost factors for a 200 GeV e™ line / antiprotons

M

Small concentration models favored !!!
(e.g. Neto et al (2007), Springel et al (2008) — Aquarius)

Boosts ~ I1 more likely
o

Max, Inter and Min boost configurations
- Min: cored, inner NFW, Mmin = 106, a=1.8
- Inter: NFW, inner NFW, M _ =107, a0 = 1.9

------------- Max: NFW, inner Moore, M= 10%a=2

10 10°

E [GeV]

S
O
Y—

Y—
fy

(*]

o0

10

Max, Inter and Min boost configurations
- Min: cored, inner NFW, Mmin = 106, a=1.8
- Inter: NFW, inner NFW, M_ =107, a = 1.9

------------- Max: NFW, inner Moore, M__ = 10%a=2

| I | |
1 10 10°

T [GeV]

Lavalle, Yuan, Maurin & Bi — A&A 429, 427 (2008)
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Going farther :
3D map of DM density from N-body simulations

M
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Going farther :

3D map of DM density from N-body simulations
(arXiv:0808.0332 e et s e W e e

Lavalle, Nezri, Ling, Athanassoula &

_ Athanassoula, Ling, Nezri & Teyssier
Teyssier)

(arXiv:0801.4673)
©® N-body data from the HORIZON
Project (Teyssier, 2002) —
Myes = 10Mg ; Lyes = 200 pc

©  Analysis already made for ~-rays
(arXiv:0801.4673) — but not as good
as Diemand et al(2008) or Springel et
al (2008)

© 15t trial for GCRs: study of the effects
due to actual density fluctuations and
departure from spherical symmetry

Log,, p(r) (Msun pc~?)

Results: ~ 1-2 order of magnitude un-
certainty on antimatter flux (local density
fluctuations or asphericity), but still be-
low the data: no excess expected below
100 GeV.

e
------.--.-.---.-----.--.-.-_'__-_"".l
[ {

- oa w w W e
i
S

-8 | | Rsun

Ryir
i) 0 1 2
Logyy r (kpe)
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Going farther :
3D map of DM density from N-body simulations

(arXiv:0808.0332 . -

Lavalle, Nezri, Ling, Athanassoula &
Teyssier)

6 N-body data from the HORIZON Different spherical fits give  ~ the same fluxes

Project (Teyssier, 2002) — CAPRICE 94
Myes = 106M@ : Lres = 200 pc ::I\Eﬂgoslm-gs
©  Analysis already made for ~-rays
(arXiv:0801.4673) — but not as good
as Diemand et al(2008) or Springel et .
al (2008) ]
©  15% trial for GCRs: study of the effects S e(ufzj) ;':;ZOT, D:MOZZPGGV,Cms \\\\
due to actual density fluctuations and 1: Best fit (0.4,3.7,0.25) R _ = 13 kpc
departure from spherical symmetry 1o NFW LR = 10kpe
I Cored isoth. fit (0.5,3.3,0) R . =4.5 kpc
Results: ~ 1-2 order of magnitude un- A BT R R

10? 1 10 107

certainty on antimatter flux (local density E [GeV]
fluctuations or asphericity), but still be-

low the data: no excess expected below

100 GeV.
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Going farther :
3D map of DM density from N-body simulations

(arxiv:0808.0332 Earth at different 3 positions (8 kpc)
Lavalle, Nezri, Ling, Athanassoula & ¢ . g
Teyssier)

©® N-body data from the HORIZON
Project (Teyssier, 2002) —
Myes = 10Mg ; Lyes = 200 pc

y axis [kpc] - N-body frame
x axis [kpc] - N-body frame

©  Analysis already made for y-rays
(arXiv:0801.4673) — but not as good
as Diemand et al(2008) or Springel et
al (2008)

y axis [kpc] - N-body frame

density projection alongy  0[-4,4] kpc

© 15t trial for GCRs: study of the effects
due to actual density fluctuations and
departure from spherical symmetry

x axis [kpc] - N-body frame

Results: ~ 1-2 order of magnitude un-
certainty on antimatter flux (local density
fluctuations or asphericity), but still be-
low the data: no excess expected below :

100 GeV. R

| | | | | | | | | | | | | |
Yulien Lavafle, TeV Partitle Astropliysics — Beifthg, 24-28/09/2008 — p.14/20
z axis [kpc] - N-body frame
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210 —
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Going farther :

3D map of DM density from N-body simulations

(arXiv:0808.0332
Lavalle, Nezri,
Teyssier)

Ling, Athanassoula &

©® N-body data from the HORIZON
Project (Teyssier, 2002) —
Myes = 10Mg ; Lyes = 200 pc

©  Analysis already made for ~-rays
(arXiv:0801.4673) — but not as good
as Diemand et al(2008) or Springel et
al (2008)

© 15t trial for GCRs: study of the effects
due to actual density fluctuations and
departure from spherical symmetry

Results: ~ 1-2 order of magnitude un-
certainty on antimatter flux (local density
fluctuations or asphericity), but still be-
low the data: no excess expected below
100 GeV.

M

y axis [kpc] - N-body frame

DY

r<

dq/dT [cm 2.sr'lslGeVY

= = =
S 5] 1S )
(N [N i 5

-
e
A

107

N
O\
©

frame

- % ' - A Ojse
different positions (8 kpc)
e+ and p fluxes
Fiducial WIMPs with m X" 200 GeV
----- B (from b) .
e’ (line)
SUUPINSSELELIREE 1 -
y frame
- Earth location
1% —— Earth at (8,0,0) kpc C*i';.,\_;.l
L — Earth at (0,8,0) kpc ("'*';-‘(_'
: ;E — Earth at (0,0,8) kpc §
E 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| i'.l
10" 1 10 10°
T [GeV]

-15
-20
1 1

| | | | | | ‘ | | | | ‘ | | | | ‘ | | | | | | | 1
Yulien Lavafle, TeV Partitle Astropliysics — Beifthg, 24-28/09/2008 — p.14/20
z axis [kpc] - N-body frame




Going farther :

3D map of DM density from N-body simulations

(arXiv:0808.0332
Lavalle, Nezri,
Teyssier)

Ling, Athanassoula &

©® N-body data from the HORIZON
Project (Teyssier, 2002) —
Myes = 10Mg ; Lyes = 200 pc

©  Analysis already made for v-rays
(arXiv:0801.4673) — but not as good
as Diemand et al(2008) or Springel et
al (2008)

© 15t trial for GCRs: study of the effects
due to actual density fluctuations and
departure from spherical symmetry

Results: ~ 1-2 order of magnitude un-
certainty on antimatter flux (local density
fluctuations or asphericity), but still be-
low the data: no excess expected below
100 GeV.

"F‘"_———M

y axis [kpc] - N-body frame

} dg@/dE [cm 2.sr'lslGeV

i

o
o
=

-

e
A
5

iy
o‘
&

frame

Earth %{'t 100 differer’?tmpositions (8 kpé”)‘
et fluxes

1
Fiducial WIMPs with m x = 200 GeV
XX e'e
" CAPRICE 94
ror F , HEAT 94-
P T HEAT 9
: :-fif:,".;. * AMS 01 |
l J.fT"m_ Jzo_x_u

v
I

100 Earthes in a HORIZON Milky Way
p,,, 0[0.2,0.4] GeV.cm ™

-3
— Py, J[0.2,0.4] GeV.cm

------- Horizon best fit profile

IIIIIII| 1 IIIIIII| 1 IIIIIII|
10" 1 10 10

E [GeV]

| | | | | | ‘ | | | | ‘ | | | | ‘ | | | | | | | 1
Yulien Lavafle, TeV Partitle Astropliysics — Beifthg, 24-28/09/2008 — p.14/20
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Going farther :
3D map of DM density from N-body simulations

(arXiv:0808.0332 . -

Lavalle, Nezri, Ling, Athanassoula & ¢.- : :
Teyssier) g Earth at 100 different positions (8 kpc) b
©® N-body data from the HORIZON g oL o p fluxes |

Project (Teyssier, 2002) _ % - Em Fid_ucial lNIMEs with m . =200 GeV !
Mres = 1O6M@ ; Lres = 200 pcC " : HUJ 10° o B b :Eézz 22-97 | =
HL 10° ® BESS 99
©  Analysis already made for y-rays % w: o jeiode:
(arXiv:0801.4673) — but not as good S S CAMSOL -
as Diemand et al(2008) or Springel et = ©
al (2008) il
© 15t trial for GCRs: study of the effects oy oS na HORIZON MY
due to actual density fluctuations and e B}
departure from spherical symmetry 10 i :or.if;:jjz.;m
Results: ~ 1-2 order of magnitude un- 10-144 L v vl
certainty on antimatter flux (local density ’ 1 ’ Tl[OGeV]
fluctuations or asphericity), but still be-
low the data: no excess expected below M
100 GeV. i v

| | |
Yulien Lavafle, TeV Partitle Astropliysics — Beifthg, 24-28/09/2008 — p.14/20
z axis [kpc] - N-body frame



Going farther :

3D map of DM density from N-body simulations

(arXiv:0808.0332
Lavalle, Nezri, Ling,
Teyssier)

Athanassoula &

©® N-body data from the HORIZON
Project (Teyssier, 2002) —
Myes = 10Mg ; Lyes = 200 pc

©  Analysis already made for v-rays
(arXiv:0801.4673) — but not as good
as Diemand et al(2008) or Springel et
al (2008)

© 15t trial for GCRs: study of the effects
due to actual density fluctuations and
departure from spherical symmetry
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Going farther :

3D map of DM density from N-body simulations
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CAVEATS: too simplistic galaxy model
M

Rotation curves with baryon contribution subtracted
(Englmaier & Gerhard 2006, Bissantz & Gerhard 2002)
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WARNING:
theoretical uncertainties on backgrounds !!!!

M

Clump model and LKP dark matter:
Positron fraction (energy-dependent) excess possible, but ...
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WARNING:

theoretical uncertainties on backgrounds !!!!

Clump model and LKP dark matter:

Positron fraction (energy-dependent) excess possible, but ...
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WARNING:
theoretical uncertainties on backgrounds !!!!

M

Maurin, Taillet et al (2002) Delahaye et al, in prep (2008)
(antiprotons) (positrons — preliminary)
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Summary

M

We derived a method to account for DM inhomogeneities when pr edicting antimatter fluxes

Clump properties are still under debate, though their prese nce is now well accepted

The observational effects of sub-halos are different for an nihilation signatures in
~-rays and antimatter cosmic rays

Boost factors for antimatter CRs < 20 !!!

This study provides estimates of the combined theoretical u ncertainties due to
both (i) DM inhomogeneities (i) CR propagation

Il \We need high energy data: where the background is falling dow

Estimate of theoretical uncertainties on the et bgd is mandatory: Delahaye et al in prep

IV Need of better constraints on propagation parameters: PAMEL A results soon (AMS-02
later)

V Complementarity with other messengers ( ~, v) and detection methods! (LHC will help)

Julien Lavalle, TeV Particle Astrophysics — Beijing, 24-28/09/2008 — p.17/20
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