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credit: WMAP

Existence by now (almost) 
impossible to challenge!
 
electrically neutral 
non-baryonic
cold ‒ dissipationless and negligible free-
streaming effects
collisionless

ΩCDM = 0.233± 0.013 (WMAP)

(dark!)

(BBN)

(structure formation)

(bullet cluster)
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Dark matter

3

credit: WMAP

Existence by now (almost) 
impossible to challenge!
 
electrically neutral 
non-baryonic
cold ‒ dissipationless and negligible free-
streaming effects
collisionless

ΩCDM = 0.233± 0.013 (WMAP)

(dark!)

(BBN)

(structure formation)

(bullet cluster)

WIMPS are particularly      
good candidates:

well-motivated from particle physics
[SUSY, EDs, little Higgs, ...]
thermal production “automatically” 
leads to the right relic abundance
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The WIMP “miracle”
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The WIMP “miracle”

In the early universe, the WIMP
number density n is determined by
the Boltzmann equation

dn

dt
+ 3Hn = −〈σv〉

(

n2 − n2
eq

)

Once the interaction rate falls be-
hind the expansion rate of the uni-
verse, WIMPs decouple from the
thermal bath. Today, their relic
density is then given by: Jungman, Kamionkowski & Griest, PR ’96

ΩWIMPh2 ∼3·10−27cm3s−1

〈σv〉 = O(0.1) [for interaction strengths of the weak type]

New Gamma-Ray Contributions – p.9/32

The number density of Weakly Interacting Massive 
Particles in the early universe:

(thermal average)

dnχ

dt
+ 3Hnχ = −〈σv〉

(
n2

χ − n2
χeq

)

χχ→ SM SM

nχeq

time

increasing〈σv〉

a3
n

χ

Fig.: Jungman, Kamionkowski & Griest, PR’96

〈σv〉 :
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The WIMP “miracle”

In the early universe, the WIMP
number density n is determined by
the Boltzmann equation

dn
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New Gamma-Ray Contributions – p.9/32

The number density of Weakly Interacting Massive 
Particles in the early universe:

(thermal average)

dnχ

dt
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(
n2
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χeq

)

χχ→ SM SM

nχeq

time

increasing〈σv〉

a3
n

χ

Fig.: Jungman, Kamionkowski & Griest, PR’96

〈σv〉 :

“Freeze-out” when annihilation 
rate falls behind expansion rate

Relic density (today):

for weak-scale 
interactions!

(→ a3nχ ∼ const.)

Ωχh2 ∼ 3 · 10−27cm3/s
〈σv〉 ∼ O(0.1)
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Freeze-out = decoupling !

5

WIMP interactions with 
heat bath of SM particles:
χ SM

(annihilation)
χ SM

χ

(scattering)

χ

SMSM
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WIMP interactions with 
heat bath of SM particles:
χ SM

(annihilation)
χ SM

χ

(scattering)

χ

SMSM

chemical decoupling

Ωχ

Tcd ∼ mχ/25
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Freeze-out = decoupling !
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WIMP interactions with 
heat bath of SM particles:
χ SM

(annihilation)
χ SM

χ

(scattering)

χ

SMSM

kinetic decoupling

Mcut

Tkd ∼ mχ/(102..105)
chemical decoupling

Ωχ

Tcd ∼ mχ/25
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Freeze-out = decoupling !
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WIMP interactions with 
heat bath of SM particles:
χ SM

(annihilation)
χ SM

χ

(scattering)

χ

SMSM

kinetic decoupling

Mcut

Tkd ∼ mχ/(102..105)
chemical decoupling

Ωχ

Tcd ∼ mχ/25
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mχ [GeV]

M
cu

t/
M

!

Higgsino (Zg < 0.05)
mixed (0.05 ≤ Zg ≤ 0.95)
Gaugino (Zg > 0.95)

K′

I′

J∗

F∗

50 100 500 1000 5000

10−4

10−6

10−8

10−10

10−12

no “typical”                         , but model-dependent                        Mcut ∼ 10−6M"

a window into the particle-physics nature of dark matter!                       

TB, NJP ’09

size of 
smallest 
subhalos
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all complementary!
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Indirect DM searches
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DM has to be (quasi-)stable against decay...
… but can usually pair-annihilate into SM particles
Try to spot those in cosmic rays of various kinds

i) absolute rates
       regions of high DM density

ii) discrimination against other sources 
       low background; clear signatures

The challenge:
!
!
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Indirect DM searches
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Gamma rays:

Rather high rates
No attenuation when propagating through halo
No assumptions about diffuse halo necessary
Point directly to the sources: clear spatial signatures
Clear spectral signatures to look for
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Indirect DM searches
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DM

DM
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Gamma rays:

Rather high rates
No attenuation when propagating through halo
No assumptions about diffuse halo necessary
Point directly to the sources: clear spatial signatures
Clear spectral signatures to look for maybe most important!Clear spectral signatures
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Gamma-ray flux
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The expected gamma-ray flux [GeV-1cm-2s-1sr-1] from a 
source with DM density    is given byρ

dΦγ

dEγ
(Eγ ,∆ψ) =

〈σv〉ann

8πm2
χ

∑

f

Bf
dNf

γ

dEγ
·
∫

∆ψ

dΩ
∆ψ

∫

l.o.s
d$(ψ)ρ2(r)
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Gamma-ray flux
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The expected gamma-ray flux [GeV-1cm-2s-1sr-1] from a 
source with DM density    is given byρ

dΦγ

dEγ
(Eγ ,∆ψ) =

〈σv〉ann

8πm2
χ

∑

f

Bf
dNf

γ

dEγ
·
∫

∆ψ

dΩ
∆ψ

∫

l.o.s
d$(ψ)ρ2(r)

particle physics

mχ

〈σv〉ann

Bf

Nf
γ

: total annihilation cross section

: WIMP mass

: branching ratio into channel

: number of photons per ann.

f

(50 GeV ! mχ ! 5 TeV)
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The expected gamma-ray flux [GeV-1cm-2s-1sr-1] from a 
source with DM density    is given byρ

dΦγ

dEγ
(Eγ ,∆ψ) =

〈σv〉ann

8πm2
χ

∑

f

Bf
dNf

γ

dEγ
·
∫

∆ψ

dΩ
∆ψ

∫

l.o.s
d$(ψ)ρ2(r)

astrophysics

∆ψ : angular res. of detector

D : distance to source

for point-like sources:
!

(
D2∆ψ

)−1
∫

d3r ρ2(r)

particle physics

mχ

〈σv〉ann

Bf

Nf
γ

: total annihilation cross section

: WIMP mass

: branching ratio into channel

: number of photons per ann.

f

(50 GeV ! mχ ! 5 TeV)
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The expected gamma-ray flux [GeV-1cm-2s-1sr-1] from a 
source with DM density    is given byρ
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)−1
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mχ
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: WIMP mass

: branching ratio into channel

: number of photons per ann.

f

(50 GeV ! mχ ! 5 TeV){
high accuracy 

spectral information



Torsten Bringmann, University of Hamburg ‒Indirect Dark Matter Searches

Gamma-ray flux

9

The expected gamma-ray flux [GeV-1cm-2s-1sr-1] from a 
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: branching ratio into channel
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f

(50 GeV ! mχ ! 5 TeV){
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spectral information

{
large uncertainty in 

normalization
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  CDM N-body simulations Fits to rotation curves?Λ

ρEinasto(r) = ρs e−
2
a [( r

a )α−1]

ρNFW =
c

r(a + r)2
ρBurkert =

c

(r + a)(a2 + r2)

ρiso =
c

(a2 + r2)

rather stable result conflicting observational claims 
(NB: observation of stars)

! !
(α ≈ 0.17)
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Halo profiles
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  CDM N-body simulations Fits to rotation curves?Λ

ρEinasto(r) = ρs e−
2
a [( r

a )α−1]

ρNFW =
c

r(a + r)2
ρBurkert =

c

(r + a)(a2 + r2)

ρiso =
c

(a2 + r2)

rather stable result conflicting observational claims 
(NB: observation of stars)

! !

Situation a bit unclear; effect of baryons?
    (But could also lead to a steepening of the profile!)

Difference in annihilation flux several orders 
of magnitude for the galactic center 
Situation much better for e.g. dwarf galaxies

(α ≈ 0.17)

see talks by              
C. Frenk & 
A. Zentner
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Dark Matter Candidates 5

Figure 1. Illustration of the volumes in the solar neigbourhood entering the
calculation of the average boost factor in the dark matter halo. Here we have in
mind a dark matter particle of mass around 100 GeV annihilating into, from left to
right, positrons, antiprotons, and gamma-rays. The difference in size for antiprotons
and positrons depends on the different energy loss properties, as positrons at these
energies radiate through synchrotron and inverse Compton emission much faster than
do antiprotons.

the influence of baryons could give an enhanced density through adiabatic contraction

processes).

The computation of the boost factor in realistic astrophysical and particle physics

scenarios is a formidable task, which has so far only been partially addressed. It may be
anticipated that this will be one of the main problem areas of future indirect detection

studies of dark matter. For direct detection, there is no corresponding enhancement of

the scattering rate. However, the detailed small-scale structure of the local region of

the dark matter halo may play a role [21].

1.2. Axions

Although at times not very much in focus of dark matter phenomenologists and

experimentalists, the axion remains one of the earliest suggestions of a viable particle

candidate for dark matter, and in fact one of the most attractive. This is not least due

to the fact that its existence was motivated by solving the strong CP problem in particle

physics, and its possible role for dark matter comes as an extra bonus. A disadvantage

in the cosmological context is, however, that the axion needed to solve the CP problem
only solves the dark matter problem for a small range of masses – thus some fine-tuning

Fig.: Bergström, NJP ’09

Indirect detection 
effectively involves 
some averaging:

N-body simulations: The DM halo contains not only a 
smooth component, but a lot of substructure!

ΦSM ∝ 〈ρ2
χ〉 = (1 + BF)〈ρχ〉2



Torsten Bringmann, University of Hamburg ‒Indirect Dark Matter Searches

Substructure

11

Dark Matter Candidates 5

Figure 1. Illustration of the volumes in the solar neigbourhood entering the
calculation of the average boost factor in the dark matter halo. Here we have in
mind a dark matter particle of mass around 100 GeV annihilating into, from left to
right, positrons, antiprotons, and gamma-rays. The difference in size for antiprotons
and positrons depends on the different energy loss properties, as positrons at these
energies radiate through synchrotron and inverse Compton emission much faster than
do antiprotons.

the influence of baryons could give an enhanced density through adiabatic contraction

processes).

The computation of the boost factor in realistic astrophysical and particle physics

scenarios is a formidable task, which has so far only been partially addressed. It may be
anticipated that this will be one of the main problem areas of future indirect detection

studies of dark matter. For direct detection, there is no corresponding enhancement of

the scattering rate. However, the detailed small-scale structure of the local region of

the dark matter halo may play a role [21].

1.2. Axions

Although at times not very much in focus of dark matter phenomenologists and

experimentalists, the axion remains one of the earliest suggestions of a viable particle

candidate for dark matter, and in fact one of the most attractive. This is not least due

to the fact that its existence was motivated by solving the strong CP problem in particle

physics, and its possible role for dark matter comes as an extra bonus. A disadvantage

in the cosmological context is, however, that the axion needed to solve the CP problem
only solves the dark matter problem for a small range of masses – thus some fine-tuning

Fig.: Bergström, NJP ’09

important to include realistic value for         !Mcut

“Boost factor”
each decade in Msubhalo contributes about the same

depends on uncertain form of microhalo profile (     ...) and       
(large extrapolations necessary!)

cv dN/dM

e.g. Diemand, Kuhlen & Madau, ApJ ’07

Indirect detection 
effectively involves 
some averaging:

N-body simulations: The DM halo contains not only a 
smooth component, but a lot of substructure!

ΦSM ∝ 〈ρ2
χ〉 = (1 + BF)〈ρχ〉2
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DM annihilation spectra
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π0 → γγ

Torsten Bringmann, Stockholm

Secondary photons

Quark and gauge boson fragmentation give essentially
degenerate photon spectra: (Figs. from Bertone et al., astro-ph/0612387)
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Radiative corrections to DM annihilation – p.15/38

Secondary photons from fragmentation
mainly from 
result in a rather featureless,                           
model-independent spectrum

Bertone et al., astro-ph/0612387
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DM annihilation spectra
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π0 → γγ

Line signals from

necessarily loop suppressed:
smoking-gun signature

χχ→ γγ, γZ, γH

O(α2)
Bergström, Ullio & Buckley, ApJ ’98

Torsten Bringmann, Stockholm

Line signals (2)

but:
the signal is necessarily
loop-suppressed, i.e. O (α2)

! energy resolution
(" 10%) and sensitivity
of current detectors usually
not sufficient to discrim-
inate the signal from the
continuum part.

e.g. the LKP in UED:

Bergström, TB, Eriksson & Gustafsson ’04
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Secondary photons

Quark and gauge boson fragmentation give essentially
degenerate photon spectra: (Figs. from Bertone et al., astro-ph/0612387)
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DM annihilation spectra
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π0 → γγ

Internal bremsstrahlung (IB)
whenever charged final states are present:
characteristic signature (details model-dependent!) 
usually dominant at high energies

O(α)

Birkedal, Matchev, Perelstein & Spray, hep-ph/0507194
TB, Bergström & Edsjö, JHEP ’08

Line signals from

necessarily loop suppressed:
smoking-gun signature

χχ→ γγ, γZ, γH

O(α2)
Bergström, Ullio & Buckley, ApJ ’98

Torsten Bringmann, Stockholm

Line signals (2)

but:
the signal is necessarily
loop-suppressed, i.e. O (α2)

! energy resolution
(" 10%) and sensitivity
of current detectors usually
not sufficient to discrim-
inate the signal from the
continuum part.

e.g. the LKP in UED:

Bergström, TB, Eriksson & Gustafsson ’04
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Secondary photons

Quark and gauge boson fragmentation give essentially
degenerate photon spectra: (Figs. from Bertone et al., astro-ph/0612387)
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mSUGRA spectra
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Torsten Bringmann, Stockholm

mSUGRA spectra
focus point region (mχ = 1926 GeV)
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[benchmarks taken from TB, Bergström & Edsjö, ’08 and Battaglia et al., ’03]

DM annihilation signals – p.13/19

(benchmarks taken from TB, Edsjö & Bergström, JHEP ’08 and Battaglia et al., EPJC ’03)
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Comparing DM spectra

14

(Very) pronounced cut-off at                
Further features at slightly lower energies
Could be used to distinguish DM candidates!

Eγ = mχ

0.2 0.4 0.6 0.8 1.0 1.2
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x

BM
3 – co
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nih
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n (2
30
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BM4 – focus point (10.9
)

I’ – bulk (3.6)

K’ – funnel

TB, PoS ’08

Example: mSUGRA benchmarks  (assume energy resolution of 10%)
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Comparing DM spectra

14

(Very) pronounced cut-off at                
Further features at slightly lower energies
Could be used to distinguish DM candidates!

Eγ = mχ

Bergström et al., ’06 

Example: Higgsino vs KK-DM  (about same mass; assume                  )∆E = 15%
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IB: total flux enhancement

15

IB contributions important at 
high energies
! this is where Air 

Cherenkov Telescopes are 
most sensitive!
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IB: total flux enhancement

15

IB contributions important at 
high energies
! this is where Air 

Cherenkov Telescopes are 
most sensitive!

Example: Dwarf galaxies
IB boosts effective sensitivity by a 
factor of up to ~10  

CTA could see a DM signal from 
Willman 1 for a large class of models 
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IB contributions important at 
high energies
! this is where Air 

Cherenkov Telescopes are 
most sensitive!

Example: Dwarf galaxies
IB boosts effective sensitivity by a 
factor of up to ~10  

CTA could see a DM signal from 
Willman 1 for a large class of models 
(less optimistic prospects for Draco)

∆E/E = 10%

TB, Doro & Fornasa, JCAP ’09 
Cannoni et al., PRD ’10

TB, Doro & Fornasa, JCAP ’09important to include also for other targets!
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Where to look

16

Diemand, Kuhlen & Madau, ApJ ’07 

Extragalactic background
DM contribution from all z
background difficult to model

Galaxy clusters
cosmic ray contamination
better in multi-wavelength?

Galactic center
brightest DM source in sky
large background contributions

DM clumps
easy discrimination 
(once found)
bright enough?

Dwarf Galaxies
DM dominated, M/L~1000
fluxes soon in reach!

Galactic halo
good statistics, angular information
galactic backgrounds?
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Figure 2: Comparison of conventional integral flux F (> E) sensitivity of three test configurations at 20◦
zenith angle with current and near-future IACTs [2, 5, 6] as well as the GLAST all-sky survey [7]. The ’1
Crab Unit’ (C.U.) and milli-Crab dotted lines correspond to the HEGRA power-law fit to the flux of the
Crab Nebula [8]. Note that array configurations and in particular data analysis have not been optimized yet
(and cuts not optimized for high energies, see dashed part of lines).

ther the system configurations nor the analysis was
optimized for high energies (above 10 TeV).
Configurations studied so far include systems
made of one size of telescopes only (either very
large – 23 m – or moderate size – 12 m), as well
as systems with two different telescope sizes (28 m
and 12 m). Layouts include systems with constant
spacing of telescopes as well as graded spacings –
densely packed in the centre and more widely sep-
arated at the perimeter. While most of the simu-
lations were done for 2000 m or 1800 m altitude,
some were also carried out for higher altitudes up
to 5000 m. Figure 1 shows the three basic con-
figurations tested at low altitudes. The final CTA
layout emerging from a full design phase will not
necessarily resemble any of them.
While the 12 m telescopes resemble current
H.E.S.S. telescopes, both in terms of the Davies-
Cotton optics and the camera pixels, the larger tele-
scopes are based on parabolic dishes with spher-
ical mirror tiles and finer pixels (0.10◦ for the
23 m and 0.07◦ for the 28 m telescopes). A field

of view of 5◦ was assumed, except for the 12 m
telescopes in the 97-telescope configuration with
7◦ f.o.v. PMTs with standard bi-alkali quantum
efficiency and afterpulse rates were assumed ex-
cept for the 97-telescope configuration with a 50%
higher Q.E. and correspondingly higher night-sky
background.

Integral and spectral sensitivity

Figure 2 shows the integral sensitivity of the three
low-altitude test configurations for 50 hours of ob-
servation time in comparison with a number of cur-
rent and near-future ground and space-based detec-
tors. An improvement of up to an order of magni-
tude with respect to the best current instruments is
seen, despite analysis techniques being still under
development.
Even more dramatic can be the improvements in
the capability to obtain high-quality spectra within
a short time-frame, as illustrated in figure 3 for a
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Ground-based
large eff. Area (~km2)
small field of view
lower threshold    40 GeV!

http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
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ther the system configurations nor the analysis was
optimized for high energies (above 10 TeV).
Configurations studied so far include systems
made of one size of telescopes only (either very
large – 23 m – or moderate size – 12 m), as well
as systems with two different telescope sizes (28 m
and 12 m). Layouts include systems with constant
spacing of telescopes as well as graded spacings –
densely packed in the centre and more widely sep-
arated at the perimeter. While most of the simu-
lations were done for 2000 m or 1800 m altitude,
some were also carried out for higher altitudes up
to 5000 m. Figure 1 shows the three basic con-
figurations tested at low altitudes. The final CTA
layout emerging from a full design phase will not
necessarily resemble any of them.
While the 12 m telescopes resemble current
H.E.S.S. telescopes, both in terms of the Davies-
Cotton optics and the camera pixels, the larger tele-
scopes are based on parabolic dishes with spher-
ical mirror tiles and finer pixels (0.10◦ for the
23 m and 0.07◦ for the 28 m telescopes). A field

of view of 5◦ was assumed, except for the 12 m
telescopes in the 97-telescope configuration with
7◦ f.o.v. PMTs with standard bi-alkali quantum
efficiency and afterpulse rates were assumed ex-
cept for the 97-telescope configuration with a 50%
higher Q.E. and correspondingly higher night-sky
background.

Integral and spectral sensitivity

Figure 2 shows the integral sensitivity of the three
low-altitude test configurations for 50 hours of ob-
servation time in comparison with a number of cur-
rent and near-future ground and space-based detec-
tors. An improvement of up to an order of magni-
tude with respect to the best current instruments is
seen, despite analysis techniques being still under
development.
Even more dramatic can be the improvements in
the capability to obtain high-quality spectra within
a short time-frame, as illustrated in figure 3 for a
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Ground-based
large eff. Area (~km2)
small field of view
lower threshold    40 GeV!

Space-borne
small eff. Area (~m2)
large field of view
upper bound on 
resolvable Eγ

(from the LAT webpage)

Fermi

http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
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Status

18

Fermi - Clusters, 1002.2239

Fermi - line search, 1002.2239
Fermi - dwarfs, 1001.4531

VERITAS - dwarfs, 1006.5955

So far no (unambiguous) DM signals seen…
… but indirect searches start to be very competitive!

For more details, see talks by:
S.Murgia, B. Cañadas (Fermi), M. Vivier (VERITAS), ...



Torsten Bringmann, University of Hamburg ‒Indirect Dark Matter Searches

Indirect DM searches

19

!

"

e+

DM

DM
!

e

p
_

+



Torsten Bringmann, University of Hamburg ‒Indirect Dark Matter Searches

Indirect DM searches
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Charged cosmic rays:

GCRs are confined by galactic magnetic fields
After propagation, no directional information is left
Also the spectral information tends to get washed out
Equal amounts of matter and antimatter
     focus on antimatter (low backgrounds!)
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Little known about Galactic magnetic field distribution
Random distribution of field inhomogeneities

        propagation well described by diffusion equation!
∂ψ

∂t
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∂

∂p
K

∂

∂p
ψ = qsource



Torsten Bringmann, University of Hamburg ‒Indirect Dark Matter Searches

Propagation

20

Little known about Galactic magnetic field distribution
Random distribution of field inhomogeneities

        propagation well described by diffusion equation!
∂ψ

∂t
−∇ · (D∇− vc)ψ +

∂

∂p
blossψ −

∂

∂p
K

∂

∂p
ψ = qsource

often set to 0 
(stationary conf.)



Torsten Bringmann, University of Hamburg ‒Indirect Dark Matter Searches

Propagation

20

Little known about Galactic magnetic field distribution
Random distribution of field inhomogeneities

        propagation well described by diffusion equation!
∂ψ

∂t
−∇ · (D∇− vc)ψ +

∂

∂p
blossψ −

∂

∂p
K

∂

∂p
ψ = qsource

often set to 0 
(stationary conf.)

Diffusion coefficient, 

usually D ∝ β(E/q)δ



Torsten Bringmann, University of Hamburg ‒Indirect Dark Matter Searches

Propagation

20

Little known about Galactic magnetic field distribution
Random distribution of field inhomogeneities

        propagation well described by diffusion equation!
∂ψ

∂t
−∇ · (D∇− vc)ψ +

∂

∂p
blossψ −

∂

∂p
K

∂

∂p
ψ = qsource

often set to 0 
(stationary conf.)

Diffusion coefficient, 

usually D ∝ β(E/q)δ

convection 



Torsten Bringmann, University of Hamburg ‒Indirect Dark Matter Searches

Propagation

20

Little known about Galactic magnetic field distribution
Random distribution of field inhomogeneities

        propagation well described by diffusion equation!
∂ψ

∂t
−∇ · (D∇− vc)ψ +

∂

∂p
blossψ −

∂

∂p
K

∂

∂p
ψ = qsource

often set to 0 
(stationary conf.)

Diffusion coefficient, 

usually D ∝ β(E/q)δ

convection 

energy 
losses



Torsten Bringmann, University of Hamburg ‒Indirect Dark Matter Searches

Propagation

20

Little known about Galactic magnetic field distribution
Random distribution of field inhomogeneities

        propagation well described by diffusion equation!
∂ψ

∂t
−∇ · (D∇− vc)ψ +

∂

∂p
blossψ −

∂

∂p
K

∂

∂p
ψ = qsource

often set to 0 
(stationary conf.)

Diffusion coefficient, 

usually D ∝ β(E/q)δ

convection 

energy 
losses

diffusive 
reacceleration
K ∝ v2

ap2/D



Torsten Bringmann, University of Hamburg ‒Indirect Dark Matter Searches

Propagation

20

Little known about Galactic magnetic field distribution
Random distribution of field inhomogeneities

        propagation well described by diffusion equation!
∂ψ

∂t
−∇ · (D∇− vc)ψ +

∂

∂p
blossψ −

∂

∂p
K

∂

∂p
ψ = qsource

often set to 0 
(stationary conf.)

Diffusion coefficient, 

usually D ∝ β(E/q)δ

convection 

energy 
losses

diffusive 
reacceleration
K ∝ v2

ap2/D

Sources
(primary & 
secondary)
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computations time-consuming
“black box” 

+
+
+
‒
‒

Strong, Moskalenko, … 

DRAGON
Evoli, Gaggero, Grasso & Maccione
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How to solve the diffusion equation?
Numerically

3D possible
any magnetic field model
realistic gas distribution, full energy losses
computations time-consuming
“black box” 

+
+
+
‒
‒

Strong, Moskalenko, … 

DRAGON
Evoli, Gaggero, Grasso & Maccione

e.g.

(Semi-)analytically
Physical insight from analytic solutions
fast computations allow to sample
full parameter space
only 2D possible
simplified gas distribution, energy losses

+
+

‒
‒

e.g.  Donato, Maurin, Salati, Taillet, ...

2h

R = 20kpc

ISM

L ! 1kpc

vc
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diffusion model strongly constrained by B/C

This can be used to predict fluxes for other species:
Maurin, Donato, Taillet & Salati, ApJ ’01

(K0, δ, L, va, vc)

TB & Salati, PRD ’07
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Propagation parameters                      of two-zone 
diffusion model strongly constrained by B/C

This can be used to predict fluxes for other species:
Maurin, Donato, Taillet & Salati, ApJ ’01

(K0, δ, L, va, vc)

very nice test for 
underlying diffusion model!

TB & Salati, PRD ’07

excellent agreement 
with new data:

BESSpolar 2004

PAMELA 2008

!

!
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!
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Antiprotons

23

Rather straightforward      
to handle:
no significant astrophysical sources
for                   completely diffusion 
dominated

Ep̄ ! 10 GeV

p̄Uncertainties in    flux from 
DM annihilation much larger 
than for secondaries!

TB & Salati, PRD ’09

up to ~200 from DM profile

TB & Salati, PRD ’09

up to ~40 from range of propagation 
parameters compatible with B/C
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Antiprotons

24

TB & Salati, PRD ’09

‒ Cannot be used to 
discriminate between 
DM candidates...

+ …but are quite efficient 
in settings constraints!
light SUSY DM

non-standard DM profile 
proposed by deBoer

DM explanations for the 
PAMELA             excess

“Evidence” for DM seen in 
Fermi data towards the GC
...

e+/e−
Donato et al., PRL ’09

Bottino et al., PRD ’98+05

Bergström et al., JCAP ’06

TB, 0911.1124
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Positrons
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Excess in cosmic ray positron data has triggered great 
excitement:

Are we seeing a DM signal ???
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(> 500 citations since 
10/08!)
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SUSY DM and PAMELA

26

Neutralino annihilation 
helicity suppressed:

〈σv〉 ∝ m2
!

m2
χ

Bergström, TB & Edsjö, PRD ’08

Surprisingly hard 
spectra possible  
if                dominates!                   
     first attempt to connect 
PAMELA to DM

HEAT
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Bergström, Bringmann & Edsjö (2008)
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SUSY DM and PAMELA

26

Neutralino annihilation 
helicity suppressed:

〈σv〉 ∝ m2
!

m2
χ

but: enormous boost 
factors needed w.r.t. 
thermal cross section... Bergström, TB & Edsjö, PRD ’08

Surprisingly hard 
spectra possible  
if                dominates!                   
     first attempt to connect 
PAMELA to DM

HEAT

PAMELA

Ee+ [GeV]
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/(
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+
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)

Bergström, Bringmann & Edsjö (2008)

background
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BM5’ (mχ=132 GeV)
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By now, a large number of further DM-related attempts 
to explain the PAMELA data has appeared on the market 
Subsequent data seem to confirm the excess

Model-independent analysis:
strong constraints on hadronic 
modes from     data
                                 favoured
large boost factors generic ‒  

Bergström, Edsjö & Zaharijas, PRL ’09

p̄
χχ→ e+e− orµ+µ−

O(103)
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Other DM explanations

27

By now, a large number of further DM-related attempts 
to explain the PAMELA data has appeared on the market 
Subsequent data seem to confirm the excess

Model-independent analysis:
strong constraints on hadronic 
modes from     data
                                 favoured
large boost factors generic ‒  

Bergström, Edsjö & Zaharijas, PRL ’09

Besides: DM by far not the only explanation...

highly non-conventional DM 
models needed!

p̄
χχ→ e+e− orµ+µ−

O(103)
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28

Propagation uncertainties not the main problem: 
secondaries  ~ 2-4
primaries ~ 5  

Delahaye et al.,  A&A ’09

Delahaye et al.,  PRD ’08

e±
i.e. much better than for primary antiprotons: 
for     , energy loss is dominant       must be locally produced (~ kpc)
very difficult to explain PAMELA data without primary component



Torsten Bringmann, University of Hamburg ‒Indirect Dark Matter Searches

Astrophysical sources

28

Propagation uncertainties not the main problem: 
secondaries  ~ 2-4
primaries ~ 5  

Delahaye et al.,  A&A ’09

Delahaye et al.,  PRD ’08

but: many good astrophysical candidates for primary 
sources in the cosmic neighbourhood!
pulsars

old supernova remnants

GRB
Large arm/interarm difference in SN rate
effect of SNR on near dense cloud
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Multi-messenger approaches

29

More promising ‒ and probably anyway needed ‒ is 
the combination of different detection channels!

So far: DM solution maybe not most natural 
‒ but at least an (exciting!) possibility... 

In order to disentangle these possibilities (astro-
physical vs. DM), cleaner spectral signatures are needed

wait for upcoming higher statistics experiments ???
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Arkani-Hamed, Finkbeiner, Slatyer & Weiner, PRD ’09

idea: introduce new force in dark 
sector, with
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“A theory of dark  matter”

30

Arkani-Hamed, Finkbeiner, Slatyer & Weiner, PRD ’09

idea: introduce new force in dark 
sector, with
large annihilation rates (Sommerfeld enhancement)
later decay:

mφ ! 1 GeV

a)

χ

χ

φ

φ

φ ...

mφ ∼ GeV

b)

χ

χ

φ

φ

φ

φ

φχ

χ

φ→ e+e− orµ+µ− (kinematics!)

but: strong constraints from   (IB) and radio (synchroton)!γ
Bertone, Bergström, TB, Edsjö & Taoso, PRD ’09
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A more conservative approach relies only on local 
observations and quantities
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4

The CR background instead is expected to lie mostly
along the galactic plane where the astrophysical sources
are located.

The lower left panel shows the DM synchrotron emis-
sion in units of brightness temperature (T ∝ ν−2Fν)
10◦ away from the GC compared with the galactic back-
grounds. We use the WMAP background maps (CMB
subtracted) and their decomposition into synchrotron,
free-free and dust (Gold et al. 2008)3. For illustration
the frequency spectra in the plot are extrapolated also
outside the WMAP frequency coverage. We also show for
comparison the background synchrotron emission calcu-
lated with Galprop which, indeed, exhibits a close match
with the WMAP synchrotron spectrum in the 20-100
GHz range. It has to be noticed that the synchrotron
galactic CR emission dominates the background only up
to a frequency of ∼ 60 GHz, then there is a small fre-
quency window which is dominated by free-free (ther-
mal bremsstrahlung) emission, while above ∼100 GHz
the background is dominated by dust emission. The
fluctuations of the CMB dominates around ∼100 GHz
depending on the galactic latitude. The high quality
data from WMAP, however, allow to efficiently clean
this further “background”. The DM synchrotron radi-
ation would exhibit in principle a peak with respect to
the synchrotron background around a frequency ∼ 105

GHz( as shown in (Zhang et al. 2008)), where, however,
the dust background is dominating by many orders of
magnitude. Restricting the analysis in the more in-
teresting frequency range < 1000 GHz, the DM sig-
nal has an almost power law behavior with a slope
slightly harder than the background, while the spatial
distribution has a circular shape. These characteris-
tics indeed correspond to what is found in the WMAP
Haze (Dobler and Finkbeiner 2007; Hooper et al. 2007;
Cumberbatch et al. 2009) whose signal we also report
in the plot for comparison. Notice, however, that the
Haze feature has still to be firmly established and that
at the moment it is very much dependent on the method
employed to separate the foregrounds (Gold et al. 2008).
Interestingly, we find that, for the GMF model employed,
the DM signal exceeds the Haze for a factor of ∼ 3 simi-
larly to the IC case. The theoretical signal, on the other
hand is affected by the uncertainties on the GMF and
it is difficult to normalize reliably. Moreover, further
uncertainties come from the systematics involved in the
separations of the measured signal into the various com-
ponents, synchrotron, dust, free-free and DM, hence it
would be difficult to asses the real significance of this
excess.

We also consider the case of electrons arising from
WIMP decay considering a DM signal following linearly
the halo profile and with the same electron injection spec-
trum as for the µ+µ− channel. Formally, at the solar po-
sition, up to diffusion effects, exactly the same positron
fraction and electron spectrum can be obtained setting
the DM decay rate to Γ = ρ0 〈σAv〉 /2mχ. The ICS ra-
diation from the Halo is however significantly reduced
although Fermi can still discriminate this possibility as
shown in Fig.2 and Fig.3. At this level, however,the
confusion with a not well understood background could

3 Data are available at the Lambda web site:
http://lambda.gsfc.nasa.gov/

Fig. 3.— Top panel: Background and DM (either annihilat-
ing and decaying) latitude gamma profiles averaged in a strip of
60◦ along l = 0 compared with the EGRET data. Bottom panel:
same as above, but with the errors expected with a 1yr survey
from Fermi. At high latitudes the error bars appear artificially to
increase for the geometry of the 0.5◦ < |l| < 30.5◦ strip (which is
effectively shrinking along b).

become more problematic although the peculiar circu-
lar shape of the ICS Haze, present also in this case (see
Fig.2), can help to distinguish the DM signal from the
astrophysical background.

Finally, in Fig.3 we report another forecast example
of the excellent Fermi ability to discriminate among the
astrophysical and annihilating DM scenario considering
the latitude profile and a strip of 60◦ width along l = 0.
We also show in the upper panel the EGRET data in
the same region and energy range (as derived with the
Galplot package (see also (Strong et al. 2004b))). Com-
pared with the EGRET data the annihilation model
seems to produce a too much broad peak to fit the data,
beside producing an excessively high normalization. The
decaying model is instead difficult to separate from the
background within the EGRET error bars. With the up-
coming Fermi data at hands, the analysis can be easily
generalized to exploit the full angular shape of the IC
Haze. This would clearly offer the optimal sensitivity to
disentangle the different scenarios.

In summary, we have shown that Fermi has the poten-
tial to test the DM interpretation of Pamela/ATIC ba-
sically in a model independent way thanks to the strong
IC signal which the Pamela/ATIC electrons would them-
selves produce in the galactic halo. The EGRET data
seems, indeed, already to disfavor the DM annihilation
interpretation. Further, the IC signal give rise to a strik-
ing “IC Haze” feature peaking around 10-100 GeV which
would provide a further mean to discriminate the DM sig-
nal from the astrophysical backgrounds and/or to check
for possible systematics.

Borriello, Cuoco & Miele, PRL ’09

Already EGRET data in some tension with 
annihilating WIMP explanation of PAMELA

Prediction for Fermi: 
even decaying DM could be excluded!

γ
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of the excellent Fermi ability to discriminate among the
astrophysical and annihilating DM scenario considering
the latitude profile and a strip of 60◦ width along l = 0.
We also show in the upper panel the EGRET data in
the same region and energy range (as derived with the
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pared with the EGRET data the annihilation model
seems to produce a too much broad peak to fit the data,
beside producing an excessively high normalization. The
decaying model is instead difficult to separate from the
background within the EGRET error bars. With the up-
coming Fermi data at hands, the analysis can be easily
generalized to exploit the full angular shape of the IC
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sically in a model independent way thanks to the strong
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selves produce in the galactic halo. The EGRET data
seems, indeed, already to disfavor the DM annihilation
interpretation. Further, the IC signal give rise to a strik-
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Figure 4: Similarly to figure 2 but for decaying Dark Matter. The vertical axis reports here the
half-life τdec in seconds. The exclusion contours are due to Fermi observations of the ‘10◦ − 20◦

strip’ (red dashed line), the |b| > 60◦ ‘Galactic Poles’ region (black long dashed line) and the
isotropic flux (magenta dotted line). We also report the regions that allow to fit the PAMELA
positron data (green and yellow bands, 95% and 99.999% C.L. regions) and the PAMELA positron
+ Fermi and HESS data (red and orange blobs, 95% and 99.999% C.L. regions) in terms of decaying
Dark Matter. We here report only the case of an Einasto galactic DM profile: the cases of an
Isothermal or a NFW profile are essentially identical (see text for details).

4 Discussion and Conclusions

In this article, we have provided a first assessment of the power that new data on the diffuse
emission from the Fermi Gamma-ray Space Telescope have in constraining Dark Matter indirect
signals. Even under the very brutal approximation of neglecting any astrophysical background
contributing to the signal and using conservatively 3 σ exclusion criteria, current data from the
inner Galaxy (e.g. ‘3◦ × 3◦’) exclude a benchmark DM mass mχ # 100 GeV if its annihilation
is larger than a factor 5÷30 (depending on the channel) of the typical 〈σv〉 # 3 × 10−26 cm3/s,
when profiles suggested by N-body simulations are employed. Higher-latitude constraints are a
factor ∼ 10 weaker and comparable to constraints for cored profiles. It is remarkable that already
such a simplified analysis is powerful enough to explore regions of parameter space not excluded
otherwise, providing better constraints than those obtained e.g. by the Fermi collaboration by
analyzing dwarf spheroidals, see e.g. [39]. This confirms, if needed, the Galactic halo as the “targer
of excellence” for constraining or detecting gamma rays DM.

On the other hand, the absence of astrophysical background is an extremely (unrealistically)
conservative assumption as visual inspection of the plots in Fig. 1 confirms. In the pre-Fermi
era, some studies have been performed showing the possible improvement in sensitivity when
accounting for pointlike and diffuse sources in the Galactic Center region (see e.g. [40]). The
current high-quality data certainly allow one to improve over these exploratory studies to forecast
the ultimate Fermi sensitivity to DM. While a proper treatment of this problem goes beyond our
current purposes, in Fig. 5 we present for illustration the exclusion plots that would follow from the
current ‘10◦ − 20◦ strips’ data if its bulk could be robustly attributed to astrophysical processes,
as in the adjusted propagation model shown in [25] and the exclusion criterion is relaxed from 3σ
to 2σ. The ‘improvement’ is about a factor of 2. Likely, intermediate-latitude DM bounds could
be made competitive with current conservative inner-galaxy constraints. In turn, the latter could
improve significantly if maps were cleaned from further astrophysical sources contaminating the
total flux: notice that the ‘3◦ × 3◦’ degree field data are not corrected for pointlike sources [24],

12

Cirelli, Panci & Serpico, 0912.0663
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Multi-Wavelength

33

E.g. the Galactic Center:  An interesting 
target for multi-wavelength searches!

Gamma rays not necessarily most constraining!

Regis & Ullio, PRD ’08
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How far can we go?

34

Impressive improvements of direct detection limits in 
recent years!

Potential of indirect searches not yet fully capitalized: 
small eff. areas (Fermi)
relatively short observation times (HESS,  VERITAS,  MAGIC, …)

CTA will have a greatly improved performance, but has 
many interesting (astrophysical) targets to observe
! access to observation time will continue to be an issue
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How far can we go?

34

Impressive improvements of direct detection limits in 
recent years!

Potential of indirect searches not yet fully capitalized: 
small eff. areas (Fermi)
relatively short observation times (HESS,  VERITAS,  MAGIC, …)

What could a dedicated future dark matter indirect 
detection experiment achieve?

Let’s think BIG…!

CTA will have a greatly improved performance, but has 
many interesting (astrophysical) targets to observe
! access to observation time will continue to be an issue
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Focus on a CTA-like design 
with a large array of 
Cherenkov Telescopes 

aim at Aeff
DMA ∼ 10×Aeff

CTA ! 10 km2

Best achievable energy threshold? 
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Focus on a CTA-like design 
with a large array of 
Cherenkov Telescopes 

aim at Aeff
DMA ∼ 10×Aeff

CTA ! 10 km2
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Focus on a CTA-like design 
with a large array of 
Cherenkov Telescopes 

aim at Aeff
DMA ∼ 10×Aeff

CTA ! 10 km2
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Best achievable energy threshold? 
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The Dark Matter Array

35

Focus on a CTA-like design 
with a large array of 
Cherenkov Telescopes 

aim at Aeff
DMA ∼ 10×Aeff

CTA ! 10 km2

Dedicated for DM searches

Science fiction?

aim at tobs
DMA = 5000 h ! 5 y

aim at Ethr
DMA ≈ 10 GeV (cf.  “5@5”)

Best achievable energy threshold? 

Maybe…                                   
But should  be investigated further!
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MSSM+mSUGRA scan: 
~106 models, 3    WMAP, 
all collider bounds OK
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A dedicated DM experiment like the 
    “Dark Matter Array” could

fully exploit the potential of indirect searches
      (especially when combined with multiwavelength/-messenger techniques)

cover a large part of the parameter space that neither direct nor 
accelerator searches could hope to reach!


