
Marco Cirelli
(CERN-TH & CNRS IPhT Saclay)

27 or 30 september 2010
COSMO 2010 - Tokyo

in collaboration with:
A.Strumia (Pisa)
N.Fornengo (Torino)
M.Tamburini (Pisa)
R.Franceschini (Pisa)
M.Raidal (Tallin)
M.Kadastik (Tallin)
Gf.Bertone (IAP Paris)
M.Taoso (Padova)
C.Bräuninger (Saclay)
P.Panci (Saclay)
F.Iocco (Saclay + IAP Paris)
P.Serpico (CERN)

 0808.3867 [astro-ph]
Nuclear Physics B 813 (2009)

JCAP 03 009 (2009)
Physics Letters B 678 (2009)

Nuclear Physics B 821 (2009)
JCAP 10 009 (2009)

0912.0663
and work in progress

Gamma ray and cosmological 
constraints on DM 

with large annihilation cross section



Marco Cirelli
(CERN-TH & CNRS IPhT Saclay)

27 or 30 september 2010
COSMO 2010 - Tokyo

in collaboration with:
A.Strumia (Pisa)
N.Fornengo (Torino)
M.Tamburini (Pisa)
R.Franceschini (Pisa)
M.Raidal (Tallin)
M.Kadastik (Tallin)
Gf.Bertone (IAP Paris)
M.Taoso (Padova)
C.Bräuninger (Saclay)
P.Panci (Saclay)
F.Iocco (Saclay + IAP Paris)
P.Serpico (CERN)

 0808.3867 [astro-ph]
Nuclear Physics B 813 (2009)

JCAP 03 009 (2009)
Physics Letters B 678 (2009)

Nuclear Physics B 821 (2009)
JCAP 10 009 (2009)

0912.0663
and work in progress

Gamma ray and cosmological 
constraints on DM 

with large annihilation cross section



Marco Cirelli
(CERN-TH & CNRS IPhT Saclay)

27 or 30 september 2010
COSMO 2010 - Tokyo

in collaboration with:
A.Strumia (Pisa)
N.Fornengo (Torino)
M.Tamburini (Pisa)
R.Franceschini (Pisa)
M.Raidal (Tallin)
M.Kadastik (Tallin)
Gf.Bertone (IAP Paris)
M.Taoso (Padova)
C.Bräuninger (Saclay)
P.Panci (Saclay)
F.Iocco (Saclay + IAP Paris)
P.Serpico (CERN)

 0808.3867 [astro-ph]
Nuclear Physics B 813 (2009)

JCAP 03 009 (2009)
Physics Letters B 678 (2009)

Nuclear Physics B 821 (2009)
JCAP 10 009 (2009)

0912.0663
and work in progress

Gamma ray and cosmological 
constraints on DM 

with large annihilation cross sectionlarge annihilation cross sectionWhy ?



!!
!

!

!
! !

! !

"

"
"
"

"
"
"
"

"

"

#

#
#

#

#

#

#

#

#

$

$

$

$
!
!!!!!!!!

!!!
!
!

!

!

1 10 100 1000 104

1!

10!

0.3!

3!

30!

Positron Energy !GeV"

Po
sit
ro
n
fra
ct
io
n

HEAT 94"95
CAPRICE 94
AMS#01
MASS 91
PAMELA 08

M.Boezio (PAMELA coll.) 2008

background ?

positron fraction

! ! !
! !
!
!!
!!!!!

!

!
! !
!!!
!
!!!!!!

"

"

"
"
"
" " "

"
#
#
#

# # # # # # $
$

$

%

%

%

%

%
%

&

& &
&
&

' '
'

'
'
'''''''''

'
'''

''

'
'

'

'

1 10 100 1000
10!7

10!6

10!5

10!4

10!3

0.01

0.1

Tp !GeV"

an
ti!
pr
ot
on
flu
x
!1#$m

2
se
c
sr
G
eV
%"

BESS 95"97
BESS 98
BESS 99
BESS 00
Wizard!MASS 91
CAPRICE 94
CAPRICE 98
AMS!01 98

PAMELA 08PAMELA 08

background

antiprotons

Data

!
!
!!!!

!
!
!

!
!
!

!
!

!

!

!

"
" """""

" " " ""

"

"
"

"

"
"

"
"

"

!

! !
!

!

#
#

#
###

#

#
##

#

$

$ $
$ $ $ $

$ $

$

$
$
$

%

%
% % % %

%

%
&&&

&&&& &
&
&
&

&

'

'

' ' ' '
' ' '

'

'

'

""""""""""""""""""""""""
" "

10 102 103 104
10!3

10!2

10!1

energy in GeV

E3
!e! "e

"
"GeV

2 #cm2
se
c

FERMI 2009
HESS 2009
HESS 2008
ATIC 2008
PPB!BETS

EC
AMS
HEAT

CAPRICE94
Tang et al. 1984

background ?

electrons + positrons

Are these signals of Dark Matter?



M.Boezio (PAMELA coll.) 2008

positron fraction

! ! !
! !
!
!!
!!!!!

!

!
! !
!!!
!
!!!!!!

"

"

"
"
"
" " "

"
#
#
#

# # # # # # $
$

$

%

%

%

%

%
%

&

& &
&
&

' '
'

'
'
'''''''''

'
'''

''

'
'

'

'

1 10 100 1000
10!7

10!6

10!5

10!4

10!3

0.01

0.1

Tp !GeV"

an
ti!
pr
ot
on
flu
x
!1#$m

2
se
c
sr
G
eV
%"

BESS 95"97
BESS 98
BESS 99
BESS 00
Wizard!MASS 91
CAPRICE 94
CAPRICE 98
AMS!01 98

PAMELA 08PAMELA 08

background

antiprotons

Data

background ?

electrons + positrons

Are these signals of Dark Matter?

YES: few TeV, leptophilic DM 
with huge 

!!
!

!
!

!

!

!

" """"""
"" """

"
"
"
"

"
"

"
"

"

!

! !
!

!

#
#

#
###

#

###

#

$ $

$ $
$ $ $ $ $ $

$
$
$
$

%

%
%%
% % %

%

%&
&&&

&&&& & &
&
&

&

'
'
''''' ' '

'

'
'

""""""""""""""""""""""""""

10 102 103 104
10!3

10!2

10!1

Energy in GeV

E3
!e! "e

"
"inG

eV
2 #cm2

s
sr

FERMI 2009
HESS 2008
ATIC 2008

〈σv〉 ≈ 10−23 cm3/sec



!
!
!!!!

!
!
!

!!
!

!
!

!

!

!

" """"""
"" """

"
"
"
"

"
"

"
"

"

!

! !
!

!

#
#

#
###

#

###

#

$ $

$ $
$ $ $ $ $ $

$
$
$
$

%

%
%%
% % %

%

%&
&&&

&&&& & &
&
&

&

'
'
''''' ' '

'

'
'

""""""""""""""""""""""""""

""""""""""""""""

10 102 103 104
10!3

10!2

10!1

Energy in GeV

E3
!e! "e

"
"inG

eV
2 #cm2

s
sr

FERMI 2009
HESS 2008
ATIC 2008!!

!
!
!
!!
! !

"
"""

"
""
"

"

"

#

#
#

#

#
#

#

#

#

$

$

$

$!!!!!!!!!!
!!
!!
!
!

1 10 102 103 104

1!

10!

0.3!

3!

30!

Positron energy in GeV

Po
sit
ro
n
fra
ct
io
n

background?

PAMELA 08

positron fraction

! ! !
! !
!
!!
!!!!!

!

!
! !
!!!
!
!!!!!!

"

"

"
"
"
" " "

"
#
#
#

# # # # # # $
$

$

%

%

%

%

%
%

&

& &
&
&

' '
'

'
'
'''''''''

'
'''

''

'
'

'

'

1 10 100 1000
10!7

10!6

10!5

10!4

10!3

0.01

0.1

Tp !GeV"

an
ti!
pr
ot
on
flu
x
!1#$m

2
se
c
sr
G
eV
%"

BESS 95"97
BESS 98
BESS 99
BESS 00
Wizard!MASS 91
CAPRICE 94
CAPRICE 98
AMS!01 98

PAMELA 08PAMELA 08

background

antiprotons

Data

background ?

electrons + positrons

Are these signals of Dark Matter?

YES:

NO:

few TeV, leptophilic DM 
with huge 

a formidable ‘background’ for future searches

〈σv〉 ≈ 10−23 cm3/sec

〈σv〉 ≈ 10−24 cm3

sec

1 TeV, DM DM→ µ+µ−

Einasto, MAX



Indirect DetectionIndirect Detection
     from  DM annihilations in galactic centerγ

W−, Z, b, τ−, t, h . . . ! e∓,
(−)
p ,

(−)

D . . .

W+, Z, b̄, τ+, t̄, h . . . ! e±,
(−)
p ,

(−)

D . . .

DM

DM

and

and

γ

γ



Indirect DetectionIndirect Detection
     from  DM annihilations in galactic centerγ

W−, Z, b, τ−, t, h . . . ! e∓,
(−)
p ,

(−)

D . . .

W+, Z, b̄, τ+, t̄, h . . . ! e±,
(−)
p ,

(−)

D . . .

DM

DM

and

and

γ

γ



Indirect DetectionIndirect Detection
     from  DM annihilations in galactic centerγ

W−, Z, b, τ−, t, h . . . ! e∓,
(−)
p ,

(−)

D . . .

W+, Z, b̄, τ+, t̄, h . . . ! e±,
(−)
p ,

(−)

D . . .

DM

DM

and

and

γ

γ

typically sub-TeV energies



Indirect DetectionIndirect Detection
     from  DM annihilations in Sagittarius Dwarfγ

W−, Z, b, τ−, t, h . . . ! e∓,
(−)
p ,

(−)

D . . .

W+, Z, b̄, τ+, t̄, h . . . ! e±,
(−)
p ,

(−)

D . . .

DM

DM

and

and

γ

γ



Indirect DetectionIndirect Detection
radio-waves from synchrotron radiation of         in GC

N
S

N
S

e±

e±



Indirect DetectionIndirect Detection
radio-waves from synchrotron radiation of         in GC

N
S

N
S

e±

e±

- compute the population of      
  from DM annihilations in the GC
- compute the synchrotron emitted power 
  for different configurations of galactic !B

e±

(assuming ‘scrambled’ B; in principle, directionality 
could focus emission, lift bounds by O(some))

(energy in B ~ kinetic energy)



Indirect DetectionIndirect Detection
from Inverse Compton on         in haloe±

e±

γ

- upscatter of CMB, infrared and starlight photons on energetic
- probes regions outside of Galactic Center

e±



Comparing with data
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+ATIC-2

GR−γ

GC−γ

The PAMELA  
and ATIC regions 

are in conflict 
with gamma 
constraints, 

unless...
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...not-too-steep profile needed.
Or: take different boosts here (at Earth, for e+) than there (at GC for gammas).
Or: take ad hoc DM profiles (truncated at 100 pc, with central void..., after all we don’t know).



FERMI has measured diffuse    
   -ray emission. The DM signal 
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Figure 1: Gamma ray fluxes for a few sample DM candidates, compared to the Fermi datapoints
in the different observation regions that we consider. See text for details.

3 Results

We start by reporting, in Fig. 1, the gamma-ray fluxes for a few typical TeV DM candidates with
large annihilation cross section in leptonic channels (of the type invoked to explain the anomalies
in e± data), in different angular windows and for different halo profiles. For each case we plot the
total gamma-ray flux and its different components: the prompt gamma-ray emission and the ICS
emission on StarLight (SL), on InfraRed light (IR) and on the CMB. Similar plots can be drawn
for the decaying DM case.

As apparent, in all these cases the spectral shapes of the curves of the DM signals are very
different from what is observed. In a ε2 dΦ/dε plot, the Fermi data point show a decreasing
behaviour (that often seems well-accounted for by a simple, likely astrophysical, power-law), while
a curve rising up to∼TeV energy, possibly with a “double bump” feature (characteristic of the high
energy prompt and low energy ICS emissions) is expected from DM. This immediately reasserts
that a significant astrophysical signal is needed to account for the data, confirming the conservative
approach of our analysis.

The first two panels of Fig. 1 show the predicted signal in the ‘3◦×3◦’ and ‘5◦×30◦’ regions from
a DM candidate of mass 1.5 TeV, annihilating with 100% B.R. into µ+µ− with a cross section
of 3 10−23 cm3/sec, assuming an NFW or Einasto (i.e. those suggested by numerical N-body
simulations) respectively. It is evident that the predicted signal overshoots the data points, very
evidently in the first case but also significantly in the second case. These kind of DM candidates
are therefore clearly excluded by observations.
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Figure 1: Gamma ray fluxes for a few sample DM candidates, compared to the Fermi datapoints
in the different observation regions that we consider. See text for details.

3 Results

We start by reporting, in Fig. 1, the gamma-ray fluxes for a few typical TeV DM candidates with
large annihilation cross section in leptonic channels (of the type invoked to explain the anomalies
in e± data), in different angular windows and for different halo profiles. For each case we plot the
total gamma-ray flux and its different components: the prompt gamma-ray emission and the ICS
emission on StarLight (SL), on InfraRed light (IR) and on the CMB. Similar plots can be drawn
for the decaying DM case.

As apparent, in all these cases the spectral shapes of the curves of the DM signals are very
different from what is observed. In a ε2 dΦ/dε plot, the Fermi data point show a decreasing
behaviour (that often seems well-accounted for by a simple, likely astrophysical, power-law), while
a curve rising up to∼TeV energy, possibly with a “double bump” feature (characteristic of the high
energy prompt and low energy ICS emissions) is expected from DM. This immediately reasserts
that a significant astrophysical signal is needed to account for the data, confirming the conservative
approach of our analysis.

The first two panels of Fig. 1 show the predicted signal in the ‘3◦×3◦’ and ‘5◦×30◦’ regions from
a DM candidate of mass 1.5 TeV, annihilating with 100% B.R. into µ+µ− with a cross section
of 3 10−23 cm3/sec, assuming an NFW or Einasto (i.e. those suggested by numerical N-body
simulations) respectively. It is evident that the predicted signal overshoots the data points, very
evidently in the first case but also significantly in the second case. These kind of DM candidates
are therefore clearly excluded by observations.
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Figure 1: Gamma ray fluxes for a few sample DM candidates, compared to the Fermi datapoints
in the different observation regions that we consider. See text for details.

3 Results

We start by reporting, in Fig. 1, the gamma-ray fluxes for a few typical TeV DM candidates with
large annihilation cross section in leptonic channels (of the type invoked to explain the anomalies
in e± data), in different angular windows and for different halo profiles. For each case we plot the
total gamma-ray flux and its different components: the prompt gamma-ray emission and the ICS
emission on StarLight (SL), on InfraRed light (IR) and on the CMB. Similar plots can be drawn
for the decaying DM case.

As apparent, in all these cases the spectral shapes of the curves of the DM signals are very
different from what is observed. In a ε2 dΦ/dε plot, the Fermi data point show a decreasing
behaviour (that often seems well-accounted for by a simple, likely astrophysical, power-law), while
a curve rising up to∼TeV energy, possibly with a “double bump” feature (characteristic of the high
energy prompt and low energy ICS emissions) is expected from DM. This immediately reasserts
that a significant astrophysical signal is needed to account for the data, confirming the conservative
approach of our analysis.

The first two panels of Fig. 1 show the predicted signal in the ‘3◦×3◦’ and ‘5◦×30◦’ regions from
a DM candidate of mass 1.5 TeV, annihilating with 100% B.R. into µ+µ− with a cross section
of 3 10−23 cm3/sec, assuming an NFW or Einasto (i.e. those suggested by numerical N-body
simulations) respectively. It is evident that the predicted signal overshoots the data points, very
evidently in the first case but also significantly in the second case. These kind of DM candidates
are therefore clearly excluded by observations.
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Figure 2: The regions on the parameter space mχ–〈σv〉 that are excluded by the diffuse galactic
gamma ray measurements by the Fermi satellite. The first column of panels refers to DM annihila-
tions into e+e−, the second into µ+µ− and the third into τ+τ−; the three rows assume respectively
an NFW, an Einasto and a cored Isothermal profile. Each panel shows the exclusion contour due
to Fermi observations of the ‘3◦ × 3◦’ region (blue short dashed line), ‘5◦ × 30◦’ region (orange
dashed line), the ‘10◦ − 20◦ strip’ (red long dashed line) and the ‘Galactic Poles’ |b| > 60◦ region
(black long dashed 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).
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Figure 2: The regions on the parameter space mχ–〈σv〉 that are excluded by the diffuse galactic
gamma ray measurements by the Fermi satellite. The first column of panels refers to DM annihila-
tions into e+e−, the second into µ+µ− and the third into τ+τ−; the three rows assume respectively
an NFW, an Einasto and a cored Isothermal profile. Each panel shows the exclusion contour due
to Fermi observations of the ‘3◦ × 3◦’ region (blue short dashed line), ‘5◦ × 30◦’ region (orange
dashed line), the ‘10◦ − 20◦ strip’ (red long dashed line) and the ‘Galactic Poles’ |b| > 60◦ region
(black long dashed 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).
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Figure 2: The regions on the parameter space mχ–〈σv〉 that are excluded by the diffuse galactic
gamma ray measurements by the Fermi satellite. The first column of panels refers to DM annihila-
tions into e+e−, the second into µ+µ− and the third into τ+τ−; the three rows assume respectively
an NFW, an Einasto and a cored Isothermal profile. Each panel shows the exclusion contour due
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dashed line), the ‘10◦ − 20◦ strip’ (red long dashed line) and the ‘Galactic Poles’ |b| > 60◦ region
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hydrogen and helium gas is assumed to be ionized below redshift 6, and helium is also doubly
ionized below redshift z = 3. Recalling that helium constitutes about 24% in mass [39] of the
baryonic content of the universe (so that the number of helium atoms nHe = 0.06 nb, while for
hydrogen nH = 0.76 nb), one can simply express τ in terms of the number density of atoms
today nA = (0.76 + 0.06) nb = 0.82 ρcΩb/mp ! 1.92 · 10−7cm−3 as

τ = nA σT

[
−0.88

0.82

∫ 3

0

dz
dt

dz
(1 + z)3 −

∫ 6

3

dz
dt

dz
(1 + z)3

]

︸ ︷︷ ︸
0.038

+ nA σT

[
−

∫ ∞

6

dz
dt

dz
(1 + z)3xion(z)

]

︸ ︷︷ ︸
δτ

(5)
In the above relations, nb and Ωb represent the number density and energy fraction of baryons
today (mp being the proton mass) and the factors of (1+z)3 rescale the densities to any redshift.

δτ denotes the amount of early optical depth caused by the unknown fraction xion(z) of
(singly) ionized atoms above redshift 6. Such reionized fraction obeys the differential equation

nA(1 + z)3dxion(z)

dt
= I(z)−R(z), (6)

or, equivalently, in terms of redshift

−nAH0

√
ΩM(1 + z)11/2dxion(z)

dz
= I(z)−R(z). (7)

On the right hand side are the rate of ionization per volume I(z), that tends to increase xion,
and the rate per volume R(z) = RH(z) + RHe(z) with which hydrogen and helium atoms of the
IGM tend to recombine even while reionization is proceeding. These recombination rates are
explicitly given by the following expressions. For hydrogen

RH(z) = κH nH ne− = κH
0.76

0.82

(
nA(1 + z)3xion(z)

)2
(8)

where κH ! 3.75 · 10−13
(
Tigm(z)/eV

)0.724
cm3/sec is an effective coefficient determined by fits to

experimental data [40]. Tigm(z) is the temperature of the IGM, also affected by DM annihila-
tions, that we will discuss below. Similarly, for helium

RHe(z) = κHe
0.06

0.82

(
nA(1 + z)3xion(z)

)2
(9)

with κHe ! 3.925 · 10−13
(
Tigm(z)/eV

)0.635
cm3/sec [40].

The rate of ionizations per volume produced by DM annihilations at any given redshift z is
given by

I(z) =

∫ mχ

ei

dEγ
dn

dEγ
(z) · P (Eγ, z) · Nion(Eγ) (10)

where dn
dEγ

(z) is the spectral number density of DM-produced photons that are present at
redshift z, which we will discuss extensively below, and one has to integrate over all photon
energies Eγ from the H ionization energy ei (or the He one, we here for simplicity do not
distinguish the two) up to the maximum energy mχ. P (Eγ, z) is the probability of primary
ionizations per second, given by

P (Eγ, z) = nA(1 + z)3 [1− xion(z)] · σtot(Eγ), (11)
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5

since the first terms represent the number of target atoms that can be ionized and σtot is total
cross section for all the interactions suffered by the DM-sourced photon and that result in the
production of free electrons. It contains several contributions (we follow e.g. the discussion
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Universe. The absorption coefficient Υ reads

Υ(z, z′, E ′
γ) # −

∫ z

z′
dz′′

dt

dz′′
nA(1 + z′′)3σtot(E

′′
γ ) (15)

where here E ′′
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γ(1+z′′)/(1+z′). A(z′) represents the rate of DM annihilations per volume.
It encodes therefore the information about the density of annihilating DM particles and in
particular the halo formation history, that we discuss in the next subsection.

As we already anticipated, beside producing ionization, DM annihilations have also the
effect of heating the gas. The other important quantity that we need to compute, therefore, is
Tigm(z) (that also enters in the recombination rates discussed above). It obeys the differential
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equation [12]

dTigm(z)

dz
=

2 Tigm(z)

1 + z

− 1

H0

√
ΩM (1 + z)5/2

(
xion(z)

1 + xion(z) + 0.073

TCMB(z)− Tigm(z)

tc(z)
+

2 ηheat(xion(z)) E(z)

3 nA(1 + z)3

)
.

(16)

The first term just corresponds to the usual adiabatic cooling of the gas during the expansion
of the Universe. It would lead to Tigm(z) ∝ (1 + z)2.

The second term accounts for the coupling between the IG gas and the CMB photons, that
have a (redshift-dependent) temperature TCMB. When the gas is hotter than the surrounding
CMB, some of its energy is transferred to the photons and therefore the gas ‘Compton-cools’
down. On the contrary, if the gas is colder than the CMB, it is warmed up. The expression
for the term in eq. (16) is obtained by writing the rate of change between the free electrons of
the gas and the CMB photons as [45] dEe↔γ/dt = 4σT U kB ne(1 + z)3 (TCMB − Tigm)/me and
then translating in terms of the rate of change of Tigm of all particles in the gas dEe↔γ →
3/2 kBntot(1 + z)3 dTigm (finally using eq. (4) to pass to redshift) [46]. In these relations
U = ς T 4

CMB is the energy density in the CMB blackbody bath (with ς the Stefan-Boltzmann
constant [47]) and me is the electron mass. Thus in eq. (16) tc(z) = 3me/(8 σT ς T 4

CMB(z)). The
various factors of (1 + z)3 rescale the number densities with redshift. ne = xion(z) nA is the
fraction of free electrons while ntot = ne +nH+ +nH +nHe = nA(xion(z)+1+0.073) contains the
number density of all types of relevant particles in the gas, because it is assumed that collisions
keep them at the same temperature (helium is here assumed to remain neutral, for simplicity).

The third term accounts for the heating induced by DM annihilations. As DM injects energy
at a rate E(z), the temperature changes at a rate given by 3/2 kB nA(1 + z)3 dTigm/dt = ηheatE
(then translated into a rate of change with z as usual). Analogously to eq. (13), the factor ηheat

expresses the fact that only a portion of the energy goes into heating. We adopt [43]

ηheat

(
xion(z)

)
= C

[
1− (1− xa

ion)
b
]

(17)

with C = 0.9971, a = 0.2663, b = 1.3163. In terms of the quantities introduced above, the
total energy deposited per second per volume by the photons in the intergalactic medium at a
given redshift z reads

E(z) =

∫ mχ

0

dEγ
dn

dEγ
(z) · nA(1 + z)3 · σtot(Eγ) · Eγ. (18)

Solving numerically the coupled differential equations (7) and (16) allows to obtain two
expressions for xion(z) (from which the value for δτ in eq.(5)) and Tigm(z), to be compared with
the observational constraints discussed in the Introduction (eqs. (1) and (2)). We integrate the
equations from z = 600 to z = 6.

2.1 Structure Formation theory

The annihilation rate per volume at any given redshift can be thought of as the sum of two parts
A(z) = Asm(z) + Astruct(z). The former comes from a uniform density field of Dark Matter, to
which we refer as “smooth”, dominant before structure formation at redshifts z !100, and can
be written as

Asm(z) =
〈σv〉
2 m2

χ

ρ2
DM,0 (1 + z)6, (19)
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Figure 1: The evolution of the effective DM density ρeff
DM as a function of redshift. Blue,

magenta and orange lines refer to Mmin=10−9M"/10−6M"/10−3M", respectively (from top to
bottom). The different panels assume different halo profiles.

where Mmin is the mass of the smallest halos that form, on which we will return below. In its
final form the annihilation rate at any given redshift reads

A(z) =
〈σv〉
2 m2

χ

ρ2
DM,0(1 + z)6 (1 + Bi(z)) , (27)

thus allowing us to define an effective, averaged DM density resulting from structure formation,
ρeff

DM(z) = ρDM,0 (1 + z)3
√

1 + Bi(z) which we plot in figure 1, for different cases. We discuss it
in the following section.

3 Discussion

Armed with the formalism above, we are able to compute the total optical depth and the
final temperature of the IG gas resulting from DM annihilations. We now discuss its practical
implementation.

3.1 Structure formation parameters

A critical quantity for the integration of eq. (26) is the concentration parameter cvir(M, z), which
can be thought of the (normalized) physical radius of a halo of given mass M . It is usually
obtained by the results of numerical simulations, and in particular is found to be inversely
proportional to the redshift z, namely cvir(M, z)=cvir(M, 0)/(1 + z) (Bullock et al. (2001) in
[49]), as the radius of a halo of given mass grows with the redshift as the Universe expands. We
have adopted the cvir(M, 0) best fitting a WMAP3 cosmology [50], from [51] (Eq. 9). The core
radius rs(M) is instead the radius of the core of a halo of given mass M , and its size depends
on the chosen profile. In the table at page 11 we give the adopted values of rs(M) for a Milky
Way sized halo, and the corresponding energy density ρs.

The Dark Matter profiles of the forming halos are assumed to be determined by numerical
simulations. Recent, state-of-the-art computations seem to converge towards the so called
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with mχ being the mass of the DM particle, 〈σv〉 the self-annihilation rate, and ρDM,0 is the
“smooth” DM density today ρDM,0 = ΩDMρc, ρc being the critical density of the Universe today.
As DM collapses into gravitationally bound structures, the rise of local density will provide an
increase in the rate of annihilations averaged over large volumes; such additional contribution
from structure formation can be cast in terms of the number of halos of a given mass M to
form at a given redshift z, and on the DM density distribution inside them, namely

Astruct(z) =
〈σv〉
2 m2

χ

∫
dM

dn

dM
(z,M) (1 + z)3

∫
dr 4πr2 ρ2

i (r,M(z)). (20)

For the halo mass distribution dn/dM we adopt the Press-Schechter formalism [48]

dn

dM
(M, z) =

√
π

2

ρM

M
δc (1 + z)

dσ(R)

dM

1

σ2(R)
exp

(
−δ2

c (1 + z)2

2σ2(R)

)
(21)

where σ(R) is the variance of the density field inside a radius R and δc = 1.28.
We will consider different cases for the most common halo DM profiles ρi(r), commenting more
about them in Section 3. The integral on the halo density squared in eq. (20) can be recast in
terms of the virial mass of the halo

M(z) =
4

3
πr3

s ∆vir(z) ΩM ρ(z) c3
vir(M, z). (22)

and the DM halo mass MDM(z) obtained by integrating the DM profile up to the cutoff
cvir(M, z) = rvir(M, z)/rs (the concentration parameter)

MDM(z) =

(
ΩDM

ΩM

)
M(z) = 4πr3

s ρs(M(z))

∫ cvir(M,z)

0

x2 fi(x) dx. (23)

Here rvir is the virial radius. The integration variable is defined as x ≡ r/rs, rs is the core
radius of the given profile, ρs(r,M(z)) = ρi(M(z))/fi(x) and fi(x) is a functional form for the
given type of profile. We discuss our choices for cvir(M, z) and fi(x), and their impact on the
final results in Section 3.

∆vir(z) is the virial overdensity of the Universe due to the DM clustering at any given redshift
(the radius within which the mean energy density in the halo is ∆vir(z) times the smooth density
at the given redshift ρ(z) = ρcΩM(1 + z)3), depends only on the given cosmology and for a flat
ΛCDM universe can be written as [64]

∆vir(z) =

(
18π2 + 82(ΩM(z)− 1)− 39(ΩM(z)− 1)2

ΩM(z)

)
, (24)

being a smooth function of the redshift. It is approximately 18π2 for large enough redshifts.
By defining the concentration function

Fi(M, z) = cvir(M, z)3

∫ cvir(M,z)

0 x2 fi(x)2 dx
(∫ cvir(M,z)

0 x2 fi(x) dx
)2 , (25)

we can conveniently recast Astruct(z) in terms of a “boost” Bi(z) due to the structure formation:

Bi(z) =
∆vir(z)

3 ρcΩM

∫ ∞

Mmin

dM M
dn

dM
(z,M) Fi(M, z), (26)
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Cosmology: 
bounds from reionization

Figure 2: History of the ionization fraction as a function of redshift. The black solid
line corresponds to the standard recombination history, without dark matter annihilation
effects. Also shown are the cases of dark matter with annihilation cross section 〈σv〉e+e− =
10−24 and 5 × 10−24 cm3s−1 with the dark matter mass mχ=1 TeV.

where ERy = 13.6 eV is the Rydberg energy, mχ and nχ are the mass and number density
of the dark matter particle, nH is the number density of the hydrogen atom.
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Here we have defined
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]

, (13)

where dN (e,γ)
F /dE denotes the spectrum of the electron and photon produced per dark

matter annihilation into the mode F , and 〈σv〉F denotes the annihilation cross section
into that mode. We have included these terms in the RECFAST code [22], which is
implemented in the CAMB code [23] for calculating the CMB anisotropy. Here and
hereafter, we fix the cosmological parameters to the WMAP five year best fit values [24].
The reionization optical depth is also fixed to be the best fit value and need not be
reevaluated when the dark matter annihilation effect is included, since it depends only
on the reionization history at low-redshift. It is noted that the energy integral in (13) for
given final states F can be performed before solving the evolution equation once we have
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Cosmology: 
bounds from CMB
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Similar conclusion 
from global CMB fits
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strongly excluded by current constraints, the differences in
the spectra due to differing fðzÞ profiles are small.

A. Models fitting cosmic-ray excesses

We focus here on models which fit the cosmic-ray ex-
cesses measured by PAMELA, and in the case of higher-
mass WIMPs, also ATIC or Fermi. Boost factors and
WIMP masses are taken from [21] for the leptonic and
XDM channels, and from [56] for annihilation to W bo-
sons. Figure 6 displays the WMAP5 constraints on these
models, and the region of parameter space that will be
probed by Planck.

In all cases, the models which fit the cosmic-ray ex-
cesses are close to being ruled out by WMAP5, at 95%
confidence. The tension is greater for models which fit the
ATIC excess, where the boost factors given in [21] are
already excluded. However, this result does not rule out
these DM models as explanations for the ATIC excess, due
to astrophysical uncertainties in the required boost factor.
For example, the local DM density is only known to within
a factor of #2 (which is then squared to determine the

annihilation rate), and density enhancements from local
substructure could also contribute an Oð1Þ boost to the
cosmic-ray flux. The excess measured by Fermi requires
generically smaller boost factors than ATIC, by a factor of
#2–3: such models are not ruled out by WMAP5 even
without taking into account astrophysical uncertainties, but
will be constrained by Planck.
The degree of uniformity between the models should not

be surprising, despite the wide range of masses and boost
factors. The variations in fðzÞ between different channels
arise in large part from the energy carried away by anni-
hilation products other than photons and electrons—but
these annihilation products also do not contribute to the
cosmic-ray excesses measured at ATIC and PAMELA. The
cosmic-ray excesses are more sensitive measures of the
high-energy spectrum of the annihilation products than the
CMB, whereas the CMB is sensitive to soft photons and
electrons which may be absorbed into the background in
cosmic-ray measurements, but to a first approximation
both measurements are simply probing the total power in
electrons (at least when the power in photons produced by
annihilation is small).

B. Implications for Sommerfeld-enhanced
DM annihilation

As described in the Introduction, the CMB has the
potential to act as an especially sensitive probe of DM
models with Sommerfeld-enhanced annihilation. The sim-
plest example of the Sommerfeld enhancement with a
massive mediator is the case of WIMPs interacting via a
Yukawa potential. More complicated models can contain
small mass splittings among the dark-sector particles, and
multiple light force carriers (e.g. [24]), but in this work we
will consider only the simplest case.
If the dark matter particle couples to a scalar mediator!

with coupling strength ", then the enhancement is solely
determined by the dimensionless parameters,

#v ¼ ðv=cÞ
$

; #! ¼ m!

$MDM
; (5)

where $ ¼ "2=4%. In the limit where the ! mass goes to
zero (#! ! 0), the enhancement to the annihilation cross-
section—denoted S—can be determined analytically, and
S# %=#v at low velocities. For nonzero #!, there are two
important qualitative differences. The first is that the
Sommerfeld enhancement saturates at low velocity–the
attractive force has a finite range, and this limits how large
the enhancement can become. Once the de Broglie wave-
length of the particle ðMDMvÞ%1 exceeds the range of the
interactionm%1

! , or equivalently once #v drops beneath #!,

the Sommerfeld enhancement saturates at S# 1
#!

[24]. The

second effect is that for specific values of #!, resonances
occur where the enhancement scales as #1=#2v instead of
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 1 XDM µ+µ- 2500 GeV, BF = 2300
 2 µ+µ- 1500 GeV, BF = 1100
 3 XDM µ+µ- 2500 GeV, BF = 1000
 4 XDM e+e- 1000 GeV, BF = 300
 5 XDM 4:4:1 1000 GeV, BF = 420
 6 e+e- 700 GeV, BF = 220
 7 µ+µ- 1500 GeV, BF = 560
 8 XDM 1:1:2 1500 GeV, BF = 400
 9 XDM µ+µ- 400 GeV, BF = 110
10 µ+µ- 250 GeV, BF = 81
11 W+W- 200 GeV, BF = 66
12 XDM e+e- 150 GeV, BF = 16
13 e+e- 100 GeV, BF = 10

FIG. 6 (color online). Constraints on the annihilation cross-
section h&Avi the efficiency factor f. The dark blue area is
excluded by WMAP5 data at 95% confidence, whereas the
lighter blue area shows the region of parameter space that will
be probed by Planck. The cyan area is the zone that can
ultimately be explored by a cosmic variance limited experiment
with angular resolution comparable to Planck. Constraints are
taken from [43] (Fig. 4). The data points indicate the positions of
models which fit the observed cosmic-ray excesses, as fitted in
[21,56]. Squares: PAMELA only. Diamonds: PAMELA and
Fermi. Crosses: PAMELA and ATIC. Error bars indicate the
factor-of-4 uncertainty in the required boost factor due to un-
certainties in the local dark matter density (any substructure
contributions are not taken into account). For models labeled by
XDM followed by a ratio, the annihilation is through an XDM
intermediate light state to electrons, muons and pions in the
given ratio (e.g. ‘‘XDM 4:4:1’’ corresponds to 4:4:1 annihilation
to eþe%, 'þ'% and %þ%%).
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Conclusions
Models with large DM annihilation cross section are popular.

Gamma ray constraints are severe: 
- all cases excluded except: 

and
galactic Isothermal profile (disfavored by N-body) 

- in which case FERMI may soon see a spectacular signal

DM DM→ µ+µ−

Cosmological constraints are even more severe: 
- all cases excluded (albeit barely) 
- starts to probe even thermal DM


