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Indirect detection of Dark Matter

Non-baryonic DM may carry a large fraction of the masses of galaxies and clusters: If made
of exotic annihilating particles, we might detect indirect signatures by means of astronomical
device

PiCtml-JI’e by P. Salati

~ and v: travel directly from the source
to the observer — Needs of large DM density regions
(Centres of galaxies)

Antimatter cosmic rays: diffuse on the
magnetic turbulences
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Non-baryonic DM may carry a large fraction of the masses of galaxies and clusters: If made
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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
<n3. >>< ngm >2

(Silk & Stebbins ApJ'93)

The boost factor to the annihilation rate is

related to the statistical variance via
<n? >
Bann ~N — dam-”

<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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Gamma-rays versus antimatter cosmic rays

. The annihilation signal is integra Picture by P. Salati

over a small solid angle around the line

of sight for v—rays and neutrinos
9 K y —> Boost factors are not the same !

over a rather small volume around the
Earth for antimatter CRs, due to diffu-
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Gamma-rays versus antimatter cosmic rays

L. B 6m, J. Edsjo, P. Gondolo and P. Ullio, 1998
I I I I

Boost for v-rays (studied for many years): 50 ]
— See Fu-Sin Ling’s talk — 9 Tof N0 etali b sothermal sphere:
. S8 nlm™ e
Factor to the smooth flux which 5 B\ reem A
depends on the angle between GC 12!;102;‘"\
direction and line of sight (cf. Bergstrom et 3
al, 1998) ; main effects at high latitude CE 3
regions (see figure) 1E— " t
Very small additional contribution to the 10w %0 3 w0 %
smooth flux in the GC direction (cf. Stoerh latitude b (deg)

et al (2004), Berezinsky et al (2003-2007))

Statistical M-C analysis by Bi (2006), Pieri
et al (2007)

A very few objects could perhaps be
resolved with GLAST towards the anti-
centre (Diemand et al, 2006 | see figure)

Julien Lavalle, Euro-GDR SUSY, ULB - Brussels, 12/11/2007 — p.5/4



Gamma-rays versus antimatter cosmic rays

L. B 6m, J. Edsjo, P. Gondolo and P. Ullio, 1998
I I I I

Boost for v-rays (studied for many years): 50 ]
— See Fu-Sin Ling’s talk — 9 Tof N0 etali b sothermal sphere:
. S8 nlm™ e
Factor to the smooth flux which 5 B\ reem A
depends on the angle between GC 12!;102;‘"\
direction and line of sight (cf. Bergstrom et 3
al, 1998) ; main effects at high latitude CE 3
regions (see figure) 1E— " t
Very small additional contribution to the 10w %0 3 w0 %
smooth flux in the GC direction (cf. Stoerh latitude b (deg)

et al (2004), Berezinsky et al (2003-2007))

Statistical M-C analysis by Bi (2006), Pieri
et al (2007)

A very few objects could perhaps be
resolved with GLAST towards the anti-
centre (Diemand et al, 2006 | see figure)

Charged cosmic rays: Propagation !!!
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Cosmic ray propagation modelling

Diffusive cylindrical halo :

R ~ 20kpc, L ~ 3kpc
spallation on ISM and diffusion
on magnetic inhomogeneities

Disc (h ~ 0.1kpc) :
convection and reacceleration
in addition

Propagation model free
parameters:
K(E)7 La R) VC) VA

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

The diffusion equation for a positron density dn/dE:

O 4 = +0r(b(E)g5) + Q(E,Z,t) =0

Green equation for antiprotons:

Energy losses :

IC on star light and CMB convection
+ synchrotron
_ _E?
b(E) = EoTg
with 75 ~ 1016s source :

injected spectrum

Uncertainties and degeneracies in parameters
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Energy-dependent diffusion scales for et and p

eT’s loose energy:
survey larger and larger
volumes when detected at
lower and lower energies

p's do not loose energy, but
convective wind and
spallation processes very
efficient at low energy:
survey larger volume at high
energies

Ap /L

10

Characteristic diffusion length (for L = 4 kpc)
anti-proton [Emax =1TeV]
—___ positron [ES =1TeV]
_______ positron [ES =0.5TeV]
,,,,,,, positron [ES =0.25TeV]

b
IIIIIII| | IIIIIII| | IIIIIII| | 1 1 1111

10" -
10

10° 102 10"

[ED/ESfore Jor[E/E__ forp]

Julien Lavalle, Euro-GDR SUSY, ULB - Brussels, 12/11/2007 — p.8/4



Effective volume picture:
Inject a 200 GeV e with Q(r) = p*(r) o< 772 ...

Simplest view of propagation

S o2
G x exp _|wsA_;®|
D

with \p = V4KoAt = f(Eg, Ep)

O

— Detection volume scaling a
sphere of radius Ap

@150 GeV

«— 2x R =40 kpc —

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 @10 GeV
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Many-object method.:
Define the phase space of substructures

The phase space distribution depends on two main quantities:

the spatial distribution of objects

the luminosity function of objects

(L,7) = £7 (L, T) = Ny %

v (F) x G(L,T)

PDFs allow to compute mean values and associated statistical variances

for some physical quantities
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Many-object method:
Connecting primary fluxes to the main quantities

A general expression for the primary flux from a single clump reads:

gbZ(Eaf@) =5 X g’L X

Particle physics factor:
S = 6 <ov> (P@)2

— 47 2 m
Effective annihilation volume x /ereS(¢) ﬁf(Ej) S
(internal clump properties) Zi — Zo
:f dgf(pi(£)>2 X /dES G(E,f@ — FEg,%;) X f(Es)
—JV; PO

In a many clump scenario, ¢; is a stochastic variable !
PDFs of £ and G translate to the PDF of ¢.
dP d>P _ dPv

_ , dPe¢
dé dVdg(x’g) ~ gy @)X dé

(&)

=3¢ = Nax <¢p>= N X S<EXT>R NgxS<E>X<G>
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Pure smooth flux:

gbsm(E,f@) x S X /

halo

&3z G(Zo — &) X <

The Effective Boost factor

p(E)
PO

y

tot

But(B) = (1 = fo)? + 25 ~

1 +Ncl>< < £ > %(f@)

Total sub-halo flux:

Statistical variance !:

¢

tot

cl

(E,Z5) < Ngg X Sx < €> X < G(Zp «— &) >

(

O_tot

-1
tot CEv =
¢cl ( 733@)

2
e

g

<G>

2 2 2
4+ %8 4 %G %
2 <£>2 <g~>2 <£>2
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Toy model:

ldentical clumps tracking the smooth halo

Boost for antimatter CRs:

Long believed to be simple rescaling of
fluxes ...

This picture is wrong. Due to
propagation effects, boost is a
non-trivial function of energy (J.L,
Pochon, Salati & Taillet, 2006).

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

(~ 1/ V Netr).

Recipe applied to IMBHs (Bertone et al
(2003-2007)) for p and et (Bringmann &
Salati (2006), Brun et al (2007))

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

Predictions for N-body-like models ???
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Cosmological sub-halos:
the state-of-the-art results of N-body experiments

N-body results are used as input ingredients Diemand et al (2005)
and [ranges]:

1016

15

Mass distribution: 10"}
minimal clump mass M,in
[10° — 10~ % M),

logarithmic slope ay, [1.8-2.0]

=

o
-
IS

=

o
i
w

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

dn(M) / dlog M [(h™*Mpc) ]
=
o

Spherical inner profile(s) for clumps 6
[NFW-Moore]

and concentration [Eke et al 01 — Bullock

et al 01]
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Cosmological sub-halos:
the state-of-the-art results of N-body experiments

N-body results are used as input ingredients NFW vs cored isothermal
and [ranges]:
107
. . . (8] = Space distribution of clumps
Mass distribution: AN ~ew
~0"E
minimal clump mass M,in %‘“% - —— Cored isoth
[106 — 10~ %M ], 3
logarithmic slope o, [1.8-2.0] 0ok
Spatial distribution: 107
. [cored isothermal — smooth-like] b
Spherical inner profile(s) for clumps 10—
INFW-Moore] : } | |
10-10l Il ] Il ] Il llllle
and concentration [Eke et al 01 — Bullock 1o ! 10 radius [kpc]
et al 01]
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Cosmological sub-halos:
the state-of-the-art results of N-body experiments

i i ; i BO1l  ~ B0l  ~ ENSO01
N-body results are used as input ingredients Enpw = 0.1 X & o~ 10 X ENpw
and [ranges]:

. . . :O:.Wém Re}t:i::;t
Mass distribution: ~ £ et
minimal clump mass M,in i S e | R
————— g% / Ref
[10° — 1079 Mg, i —

logarithmic slope ayy, [1.8-2.0]

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

Spherical inner profile(s) for clumps
[NFW-Moore]

and concentration [Eke et al 01 — Bullock M., (solar unit)
et al 01]
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Luminosity profiles: effects of «,,

Luminosity profiles for different mass _Iélo § Luminosity profiles (f=0.13)
ranges I smooth (NFW)
21
10 % """ subhalos (O cored r?)
— total
L; = Ng X M/ dlog(m)ﬂf(m) 10k Range mass contribution
dVv A;=3 dlog(m) = a, =19
- 10°-10° M,
I - 10°%-1 M,
lg— 3
luminosity o< local number of -
annihilations 10t
N(> M) o< Mi=om: if £ S
20T
M# and each decade of mass 107 E
contributes the same to the anni- S
hilation rate when a,, — 3 = 1 (for 10 =
BOl’/BNO.g) 10.4_III|IIII|IIII|IIII|IIII|IIII|I
1 2 3 4 5 6
r/ R,
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Luminosity profiles: effects of «,,

Luminosity profiles for different mass _:—310 § Luminosity profiles (f=0.09)
ranges > smooth (NFW)
P
we subhalos (O cored r?)
— total
L; = Ng X M d]og(m)dig(m) 10k Range mass contribution
av A= dlog(m) - a,=18
- 10°-10° M,
- 10°%-1 M,
lg— 3
luminosity o< local number of -
annihilations 101
N(> Myef) oc MP=m: jf € N
2L
M#P and each decade of mass e
contributes the same to the anni- . T
hilation rate when a, — 8 = 1 (for R e
BOl,ﬁNOQ) 10-4_| o b by |—|>-;M|—V—|-—|wl—f'"l"l"|-~L-+_|,| !
1 2 3 4 5 6
r/ R,
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Luminosity profiles: effects of «,,

- - - - = 03 =
Luminosity profiles for different mass _;%1 : Luminosity profiles (f=0.34)
ranges - N I smooth (NFW)
we subhalos (O cored r?)
dPy (r dP — ol
L; = Ng X A/ dlog(m)—mf(m) 10L Range mass contribution
dV A—3 dlog(m) S a,=2.0
i - -6 -3
- 107°-10" M,
B --10%1 M,
. . 1% 1'103 Msol
luminosity o local number of - \ 10°-10° M,
o . - N 6 112
annihilations e ST 107107 Mso
N(> Myer) Ml—oam: jf ¢ - "
2 Tl .
MP and each decade of mass 107 E
contributes the same to the anni- 33 '''''''
. . 10° E
hilation rate when a,, — 3 = 1 (for S
BOl’/BNOQ) 10.4_||||||||||||||||||||||||||||||
1 2 3 4 5 6
r/Rg,
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Luminosity profiles: effects of dP/dV
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Boost factors for a 200 GeV ¢™ line / antiprotons

Mmin = 107%Mg, am = 1.9, inner-NFW vs Moore, B01, cored
vs smooth-like space distribution (smooth = NFW)

+

10—

Varying sub-halo spatial distribution

B - cored + inner NFW

- smooth NFW + inner NFW

Beff for e

............. smooth NFW + inner Moore

E [GeV]

lo 10F

B for

Varying sub-halo spatial distribution

- cored + inner NFW

- smooth NFW + inner NFW

............. smooth NFW + inner Moore

IIIIIII| | IIIIIII| |
1 10 10°

T [GeV]
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Primary fluxes for a 200 GeV ¢™ line / antiprotons

Mmin = 107%Mg, am = 1.9, inner-NFW vs Moore, B01, cored
vs smooth-like space distribution (smooth = NFW)

+ 1 IQ_ 1
]
= 10" . e S 10" . g
ke Varying sub-halo spatial distribution — Varying sub-halo spatial distribution
-2 q—| 2
5'(; 10 B cored + inner NFW " 10 B cored + inner NFW
-3 - -3
ot 10 - smooth NFW + inner NFW H;_ 10 - smooth NFW + inner NFW
|-
. 2T .
I WHE smooth NFW + inner Moore o~ W e smooth NFW + inner Moore
= 10° —a— smooth flux (med) g 10° —a— smooth flux (med)
('J. Fl|>' 10-6
8 107
T 0°
o =
4—-9_(/)10-9

10-12

2

10 1 10 10

T [GeV]
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Propagation effects on boost factors

Min = 107%Mg, am = 1.9, inner-NFW, BO1, cored space distri-

+

Varying propagation

Beff for e

bution, min, med and max propagation sets of Maurin et al 01

o

Varying propagation

B for

| | | IIIII| |
* 10 10°

T [GeV]
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Propagation effects on primary fluxes

Min = 107%Mg, am = 1.9, inner-NFW, BO1, cored space distri-
bution, min, med and max propagation sets of Maurin et al 01

+ 1 1
o o
Varying propagation
S ©'E Varying propagation S E == GCR propmin
;,_—. 102 === GCR prop min & 102 B GCR prop med
' B GCR prop med 7 N = — GCR
“'.w' 10° GCR prop max ‘t 107 —— smootIC;]rcf)Il?J;1 (arlnxin)
Na 10 :‘;— 2222:2 I:Ei E:':é) N"? 10* —&— smooth flux (med)
e 10° —«— smooth flux (max) g 10° o smootiux(ma
‘T'q 10 )
% 107
O
—_ 1
- Q
S5m0
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Summary

We explicitly determined how to correctly semi-analytically predict cosmic ray
fluxes and errors given inhomogeneity properties:

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

Within the standard view of clumpiness, and constraints coming from
N-body simulations, boost factors are too low to significantly enhance the
primary flux

This study somewhat demystifies the substructure effect for antimatter
sighatures

Need for a renewed estimate of the positron background: LAPTH-Annecy
and Univ. of Torino on the road !

Need for better constraints on propagation parameters (PAMELA, AMS-02)
New data is coming: PAMELA

Complementarity with other messengers (v, ) and detection methods!
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Backup

T TUNK Sou SHOULD 22 MORE
EXPLIUT HERE N STEP WO,
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Two main approaches for clumpiness

Small number of objects:

Make sure that your scenario does not involve many other objects likely to
contribute to the signal

Search for isolated objects: OK if locations are known (DSPh), otherwise
quantify probability wrt theoretical spatial distribution — needs of
large fov experiments

If unknown, make a bet on the location, compute the fluxes, and send
your predictions to the International Galactic Lottery

Large number of objects:

Perform a statistical analysis, taking into account the whole phase
space properties (PDFs)

Give predictions associated with systematic/statistical uncertainties:
this provides indications on the best places to search for signatures
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A single nearby source: Play the Galactic Lottery

r\O.lG - - -
(o] m, ., =50 GeV —— Primary contribution
+ _
o (m  =6Tev) — Background from MS98
.0.14 —
+E B Total
S C = HEAT data
S 012
2™
% —
E o1l CI9§est clump at ~0.5 kpc
- -
s
- L
o008
n L
o L
o L
0.06 |—
0.04 —
0.02 B
| | | | I| | | | 1 11 I| | | |
1 10 10°
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A single nearby source: Play the Galactic Lottery

r\O.lG - - -
(o] m, ., =50 GeV Primary contribution
+ _
o (m  =6Tev) — Background from MS98
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+E Total
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S
=008
n
o
o
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A single nearby source: Play the Galactic Lottery

0.16
?1;; —— Primary contribution
+ ——— Background from MS98
\0_3,0.14
+ Total
o
c ol m  HEAT data
o .
=
&
E o Clo§est clump at ~0.12 kpc
c /\
o
L.
=008
n
o
o /\
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0.04

0.02

Julien Lavalle, Euro-GDR SUSY, ULB - Brussels, 12/11/2007 — p.24/4.



A single nearby source: Play the Galactic Lottery

(-\0.16 . ; .
(D) m ., =50 GeV —— Primary contribution
+ -
To (M, =6 Tev) — Background from MS98
<.0.14
+- Total
()]
c = HEAT data
@) 0.12
-
@
= o1 clump at ~0.06 kpc
c
o
L.
=008
"
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A single nearby source: Play the Galactic Lottery

(-\0.16 . ; .
(D) m ., =50 GeV Primary contribution
+ -
To (M, =6 Tev) — Background from MS98
<.0.14
+- Total
()]
c = HEAT data
@) 0.12
-
@
= o1 clump at ~0.06 kpc
c
o
L.
=008
"
(@]
o

0.06

0.04

0.02

HOW PROBABLE IS THAT ??777?
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Mass distribution

dPM :KM< M )_Oém

dM Mg
with oy, ~ 1.7 — 2.1 (Shaw et al, 2007), . Diemand et al (2005)
and Kyr = f(Mmin, Mmax, am) allows 10 ' ' ' '
normalisation to 1 in the mass range 10%1

The mass range ??? Mmax ~ 1019Mg
Mupin = Mgs ~ 10712 — 10~% depending
on the particle physics model (Profumo et
al, 2006). Diemand et al (2005) resolve
masses down to 10~ %M, at z = 26.
Survival to tidal stripping from GC ?

dn(M) / dlog M [(h™*Mpc) 3]
=)

10
Encounters with stars ? — M,,;, IS a free
. 10
parameter, lying between ~ 10=6 — 104 10 ¢
Ny fixed by number of well resolved 10°
objects in various N-body experiments: 10° | | | | | | | |
— 108 ~ _ _ _ _ _ _ _
Nyet (> Mo = 108 M) ~ 100 => 10° 10 10" 107, 10" 10 10" 10°
No = f(Nreeref7 Mmina Mmax) M [h M ]

solar

The mass fraction depends on M,,;, and

Om
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Space distribution of clumps

The space distribution of clumps is found ~ _—44°

to be well approximated with a spheri- '3 - Space distribution of clumps
cal cored isothermal distribution with EOA;_ — NEFW
rp ~ 0.1 X Rf}ir ~ Tl %‘L% § — Cored isoth

dPy (1) _ g <1+ (L)Q)_l 10°

Anr2dr — 14 Th -

where Ky normalises the 0%

distribution to 1 within the halo -

extension R, . 10_7;_

Caution: many authors use the n

same space distribution for the 10_85_

smooth halo and clumps. There -

are arguments for very light 10°

clumps (Berezinsky et al, 2004), -

but it is not seen is simulations w0l T """l — """1|0 — ""'1'!,2 |

radius [kpc]
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Clump internal properties:
profiles and concentration models

Clump profile ~ NFW o 7= 1(7 + rg) =2

Virial radius given by mass:
Rvir .8 MViI‘l/3

5
. . &)

Scale radius r; fixed by the concentration

parameter:

Cariv = Rvir — Rvir

vVir — r_o T?fw

Concentration parameter given by
simulations:

Cyvir = f(Mvir)

2 extreme parameterizations: Bullock et al

(2001), Eke et al (2001)

Once the relation ¢y, — Myir IS known, clump

internal properties are fixed by its mass.

B(M) x M
& = (M) x —oc M9 for BO1
PO
dP:  dPy
¢ dM

102

10

Colafrancesco et al (2005)

)

vv Diemand et al.

\‘ \‘ \‘ \‘ \‘ I
z=0
08:1

Bullock et

— Bullock et al. / -
- ----ENS Tasitsiomi et al.

\‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ |

10710”10101 10 10% 10° 107 10°10 M0 P10 "
-1

M [h™M ]
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Clump internal properties:
profiles and concentration models

Clump profile ~ NFW oc r—1(r + 7g) 2

Virial radius given by mass:

Rvir X Mvir1/3 = 15 I
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Concentration parameter given by 102  rmak”
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2 extreme parameterizations: Bullock et alo® = —B/B™
(2001), Eke et al (2001) -
Once the relation cy;; — My, is known, clump _4__
internal properties are fixed by its mass. 10 F
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Clump internal properties:
profiles and concentration models

Clump profile ~ NFW o 7= 1(7 + rg) =2

Virial radius given by mass:
1
Rvir .8 Mvir /3 S

=
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Dluu'clo2 — Ref = Enfw
Scale radius rs fixed by the concentratiq)) F £ Ref
parameter: L £ ) Ref
— Rvir _ Rvir B oo
Ce i — — ens01
V1r r_o T?fw e E'moore / Ref

Concentration parameter given by
simulations:

cvir = f(Myir) 1
2 extreme parameterizations: Bullock et al
(2001), Eke et al (2001)
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Once the relation cyiy — Myir IS known, clumpioe:
internal properties are fixed by its mass.

B(M) x M
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Important features

Mgup Ty Ts Ps Co 3 B
(Mo) (kpc) (kpc) (M@ /kpc?) (kpc?)
107 2x107% 1.7x107% 4.1x10° 120 5.8x10712 46
1073 2x1073 2.1x107° 2.3 x 107 98 3.5x107? 27
1 2x 1072 2.7x107% 1.2 x10° 77 1.9x107% 15
103 0.2 3.6 x 1073 5.6 x 10® 58 9.8x 104 8
100 2 51x 1072 2.2 x10% 41 0.43 3
107 20 0.8 6.7 x 107 26 153

Table 0: Sub-halo parameters for different masses: virial
radius r,, scale radius r,, scale density p,, concentration
parameter c,, effective volume &, intrinsic boost B.
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Fluxes for a 200 GeV e line / antiprotons

Mmin = 107%Mg, am = 1.9, inner-NFW vs Moore, B01, cored
vs smooth-like space distribution (smooth = NFW)
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Boost factors for a 200 GeV ¢* line / antiprotons

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

o 1
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+

Beff for e

10

Boost factors for a 200 GeV ¢™ line / antiprotons

Extreme configurations M ,in

= 1079|110 My, am = 1.8]2.0,

inner-NFW/Moore, BO1/ENSO1,

cored/smooth-like space distritl)ution (smooth = NFW)
o

Max, Ref and Min boost configurations
- Min: cored, inner NFW, Mmin = 106, a=1.8

- Ref: cored, inner NFW, Mmin = 10'6, a=19

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

B for

o T

Max, Ref and Min boost configurations
- Min: cored, inner NFW, Mmin = 106, a=1.8
- Ref: cored, inner NFW, Mmin = 10'6, a=1.9

------------- Max: NFW, inner Moore, M__ = 10°%a =2
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Propagators for e™ /p

p (see e.g. Maurin et al 2001)

—ky,z

7 €x
GI(r.z) = S g (14

> e ' Ko(ry/k2 + k2) sin[ky, L] sin[ky, (L — 2)]

e’ (see e.g. Lavalle et al 2006)

2

5 A\ 0(7) r 1D/, A
g@(T,Z,T) — 47TK()7A' exXp (_4[{0%) X g (Z7T)

with G'¥ image-like or Shrodinger-like depending on the source
location.
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