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Introduction
DM exists
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DM is a neutral, very long lived, 
weakly interactingpa     rticle.feebly- corpuscle
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Introduction

Some of us believe in 
the WIMP miracle.

DM is a neutral, very long lived, 
weakly interacting particle.

galactic rotation curves
weak lensing (e.g. in clusters)

‘precision cosmology’ (CMB, LSS)

DM exists

- weak-scale mass (10 GeV - 1 TeV)
- weak interactions
- give automatically correct abundance

�v = 3 · 10�26cm3/sec
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‘only’ 90 orders of magnitude!
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A matter of perspective: plausible mass ranges

PAMELA, 
Fermi, 
HESS

excesses

Fermi
135 GeV

line
GeV 

gamma
excess
at GC

3.5 KeV
line

lots of activity 
recently

some activity 
recently

DM Candidates

‘only’ 90 orders of magnitude!

Light DM 
(‘Dama’) 
anomaly

Color code: ID, DD

PeV neutrinos
Icecube



e+

DM detection

production at colliders

direct detection

indirect from annihil in galactic halo or center

from annihil in galactic halo or centerp̄

ν, ν̄ from annihil in halo or massive bodies

from annihil in galactic halo or center

Xenon, CDMS, Lux, Dama/Libra...

LHC

PAMELA, Fermi, AMS02

GAPS, AMS02

Icecube, Antares, Km3Net

 from annihil in galactic center or halo
 and from secondary emission

Fermi, HESS, CTA, radio telescopes

�

d̄
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Sun Earth

     from  DM annihilations in the Sun�
ID with neutrinos



1. Capture & annihilation
basics: DM particle scatters with nuclei and loses energy
	 if                    particle is gravitationally trapped
	 it spirals to center of body and accumulates 

     annihilates

vf < vesc

vhalo ! 270 km/s

vesc,! ! 620 km/s

vesc,⊕ ! 12 km/s

J. Silk, K. A. Olive and M. Srednicki, Phys. Rev. Lett. 55 (1985) 257
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ṅ = �capt � Cann n2

1. Capture & annihilation
basics: DM particle scatters with nuclei and loses energy
	 if                    particle is gravitationally trapped
	 it spirals to center of body and accumulates 

     annihilates

vf < vesc

vhalo ! 270 km/s

vesc,! ! 620 km/s

vesc,⊕ ! 12 km/s

equilibrium attained:
�N h�annvi

Cann = h�vi
✓

GN MDM ⇢�
3 T�

◆3/2

⌧ =
1p

�captCann

The main physical parameter is: (DM-nucleon scattering cross section)�N

�ann(t) =
�capt

2
tanh2

✓
t

⌧

◆
! �capt

2



1. Capture & annihilation

�capt =
⇢DM

MDM

X

i

�i

Z R�

0
dr 4⇡r2 ni(r)

Z 1

0
dv 4⇡v2f�(v)

v2 + v2
�esc

v
}i(v, v�esc)

A.Gould 1987, 1988, 1990

r

R�

v



1. Capture & annihilation

�capt =
⇢DM

MDM

X

i

�i

Z R�

0
dr 4⇡r2 ni(r)

Z 1

0
dv 4⇡v2f�(v)

v2 + v2
�esc

v
}i(v, v�esc)

A.Gould 1987, 1988, 1990

r

R�

v

DM 
number 
density



1. Capture & annihilation

�capt =
⇢DM

MDM

X

i

�i

Z R�

0
dr 4⇡r2 ni(r)

Z 1

0
dv 4⇡v2f�(v)

v2 + v2
�esc

v
}i(v, v�esc)

A.Gould 1987, 1988, 1990

r

R�

v

DM 
number 
density

scattering 
cross section
on element i



1. Capture & annihilation

�capt =
⇢DM

MDM

X

i

�i

Z R�

0
dr 4⇡r2 ni(r)

Z 1

0
dv 4⇡v2f�(v)

v2 + v2
�esc

v
}i(v, v�esc)

A.Gould 1987, 1988, 1990

r

R�

v

DM 
number 
density

scattering 
cross section
on element i

number 
density

of element i



1. Capture & annihilation

�capt =
⇢DM

MDM

X

i

�i

Z R�

0
dr 4⇡r2 ni(r)

Z 1

0
dv 4⇡v2f�(v)

v2 + v2
�esc

v
}i(v, v�esc)

A.Gould 1987, 1988, 1990

r

R�

v

DM 
number 
density

scattering 
cross section
on element i

number 
density

of element i

velocity 
distribution

(in solar frame,
without Sun’s gravity)



1. Capture & annihilation

�capt =
⇢DM

MDM

X

i

�i

Z R�

0
dr 4⇡r2 ni(r)

Z 1

0
dv 4⇡v2f�(v)

v2 + v2
�esc

v
}i(v, v�esc)

A.Gould 1987, 1988, 1990

r

R�

v

DM 
number 
density

scattering 
cross section
on element i

number 
density

of element i

velocity 
distribution

(in solar frame,
without Sun’s gravity)



1. Capture & annihilation

�capt =
⇢DM

MDM

X

i

�i

Z R�

0
dr 4⇡r2 ni(r)

Z 1

0
dv 4⇡v2f�(v)

v2 + v2
�esc

v
}i(v, v�esc)

A.Gould 1987, 1988, 1990

r

R�

v

DM 
number 
density

scattering 
cross section
on element i

number 
density

of element i

velocity 
distribution

(in solar frame,
without Sun’s gravity)

effect of
solar gravity



1. Capture & annihilation

�capt =
⇢DM

MDM

X

i

�i

Z R�

0
dr 4⇡r2 ni(r)

Z 1

0
dv 4⇡v2f�(v)

v2 + v2
�esc

v
}i(v, v�esc)

A.Gould 1987, 1988, 1990

r

R�

v

DM 
number 
density

scattering 
cross section
on element i

number 
density

of element i

velocity 
distribution

(in solar frame,
without Sun’s gravity)

effect of
solar gravity

}i(v, v�esc

) = max

✓
0, 1� �

min

�

max

◆
�

max

=
4 mi M

DM

(M
DM

+ mi)2
�min =

v2

v2 + v2
�esc

scattering probability:



1. Capture & annihilation

�capt =
⇢DM

MDM

X

i

�i

Z R�

0
dr 4⇡r2 ni(r)

Z 1

0
dv 4⇡v2f�(v)

v2 + v2
�esc

v
}i(v, v�esc)

A.Gould 1987, 1988, 1990

r

R�

v

DM 
number 
density

scattering 
cross section
on element i

number 
density

of element i

velocity 
distribution

(in solar frame,
without Sun’s gravity)

effect of
solar gravity

}i(v, v�esc

) = max

✓
0, 1� �

min

�

max

◆
�

max

=
4 mi M

DM

(M
DM

+ mi)2
�min =

v2

v2 + v2
�esc

|Fi(�E)|2 = e��E/E0 ESI
0 = 5/2mir

2
i

ESD
0 = 3/2mir

2
i

}i(v, v�esc

) =
1

E �
max

Z E �

max

E �

min

d(�E) |Fi(�E)|2

scattering probability:



1. Capture & annihilation

P.Baratella, M.Cirelli, A.Hektor, J.Pata, M.Piibeleht, A.Strumia, 
JCAP 1403 (2014) 053, 1312.6408

r

R�

v
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Include oscillations + interactions:
- reshuffling of the 3 flavors
- distortions the spectra
- attenuations of the fluxes

ID with neutrinos
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Fig. 8.— Limit on the WIMP-proton spin-dependent cross section as a function of WIMP mass.

Limits from direct detection experiments: DAMA/LIBRA allowed region (Savage et al. 2009) (dark

red and light red filled, for with and without ion channeling, respectively), KIMS (Lee et al. 2007)

(light blue crosses), and PICASSO (Archambault et al. 2009) (grey dotted line) are shown. Also

we show here the results of indirect detection (neutrino telescopes): AMANDA (Braum et al.

2009) (black line with triangles), IceCube (Wikström et al. 2009) (blue line with squares), and

this analysis (red line with stars). Also the previous limit from Super-K (green dashed line)

is shown. This plot was made from SUSY Dark Matter/Interactive Direct Detection Plotter,

http://dmtools.berkeley.edu/limitplots .
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Complementarities
Collider

DM

DMSM
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Indirect Detection
DM

DM

SM

SM

Direct Detection
DM

SM

DM

SM

Regimes:
q ⇠ few KeV

p
s ⇠ 2 mX

p
s ⇠ few TeV

Basic
quantities: �scatt h�annvi �

prod

Can one relate?
- in a specific model: YES  /  MAYBE

- in an effective operator approach: YES*

regimes are different, different uncertainties...
different parameters of your model may enter...

1
⇤2

1

[qq̄][��̄]
1
⇤2

2

[q�µq̄][��µ�̄] ...

- in general terms: NO

* (with caveats)
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Minimalistic approach
On top of the SM, add only one extra multiplet X

and systematically search for the ideal DM candidate...
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if       is a scalarXL = LSM + |DµX|2 − M
2|X |2



Minimalistic approach
On top of the SM, add only one extra multiplet X

and systematically search for the ideal DM candidate...

=







X1

X2

.

.

.







L = LSM + X̄ (iD/ + M)X if       is a fermion

if       is a scalar

X

X

gauge interactions the only parameter, 
and will be fixed by         .ΩDM

(other terms in the 
scalar potential)

(one loop mass splitting)

L = LSM + |DµX|2 − M
2|X |2

X

X

W±, Z, γ

[g2, g1, Y ]

keynote:/Users/mcirelli/Documents/talks%20and%20seminars/29.MDMastro/7.MDMastro.CERN.key?id=BGSlide-23
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weakly int., massive, neutral, stable
SU(2)L U(1)Y
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7

spin

3

The ideal DM candidate is

6(   is similar to  )4

α
−1

2
(E′) = α

−1

2
(M) −

b2(n)

2π
ln

E′

M

n ≤ 5

n ≤ 7

these are all possible choices:
for fermions
for scalars

to avoid explosion in the running coupling

X =











X1

X2

.

.

.

Xn








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0
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0

0.43

1.2

2.0

2.6

1.4

1.8
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2.5

5.0

4.5

8.5

The mass        is determined 
by the relic abundance:

M (TeV)

for      scalarX

for      fermionX

M

(- include co-annihilations)
(- computed for                      ) M ! MZ,W

X

X

X

Vµ

Vµ

X

X

Vµ

Vµ

X

X

Vµ

Vµ

X

X h

hX

X f̄

f

F

S

F

S

F

S

F

F

F

S

S

S

F

S
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S

S

3.5

3.5

ΩDM =
6 10−27cm3s−1

〈σannv〉
∼= 0.24

3.2

3.2

〈σAv〉 #
g4
2 (3 − 4n2 + n4) + 16 Y 4g4

Y
+ 8g2

2g2
Y

Y 2(n2 − 1)

64π M2 gX

〈σAv〉 #
g4
2 (2n4 + 17n2 − 19) + 4Y 2g4

Y
(41 + 8Y 2) + 16g2

2g2
Y

Y 2(n2 − 1)

128π M2 gX
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10

9.4

25

1.0

Non-perturbative corrections
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E.g. Minimal DM:  triplet or quintuplet
[Cirelli, Strumia, 
Fornengo 2006]
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(NB: no free parameters => one predicted point per candidate)
[skip to conclusions]

2. Direct Detection

keynote:/Users/mcirelli/Documents/talks%20and%20seminars/29.MDMastro/7.MDMastro.CERN.key?id=BGSlide-11
keynote:/Users/mcirelli/Documents/talks%20and%20seminars/29.MDMastro/7.MDMastro.CERN.key?id=BGSlide-11


3. Production at colliders

[skip to conclusions]

if       is a scalarX

if       is a fermionX
σ̂ud̄ =

gX g4
2(n2

− 1)

13824 πŝ
β ·

{

β2

3 − β2

(similarly        ,       ,       )σ̂uū σ̂dūσ̂dd̄

Large production for small       . M

LHC to produce heavy candidates.2×

A clean signature:
X± → X 0π± : Γπ = (n2

− 1)
G2

F
V 2

ud ∆M3f2
π

4π

√

1 −
m2

π

∆M2
, BRπ = 97.7%

X± → X 0e±(ν)
e : Γe = (n2

− 1)
G2

F
∆M5

60π3
BRe = 2.05%

X± → X 0µ±(ν)
µ : Γµ = 0.12 Γe BRµ = 0.25%

τ ! 44cm/(n2
− 1)

β =
√

1 − 4M2/ŝ
Quantum numbers DM can DM mass mDM± − mDM Events at LHC σSI in

SU(2)L U(1)Y Spin decay into in TeV in MeV
∫

L dt =100/fb 10−45 cm2

2 1/2 0 EL 0.43 ± 0.01 348 (0.7 ÷ 2) · 103 0.3
2 1/2 1/2 EH 1.2 ± 0.03 342 120 ÷ 260 0.3
3 0 0 HH∗ 2.0 ± 0.05 166 0.2 ÷ 1.0 1.3
3 0 1/2 LH 2.6 ± 0.06 166 0.4 ÷ 2.2 1.3
3 1 0 HH, LL 1.4 ± 0.03 540 11 ÷ 33 2.5
3 1 1/2 LH 1.8 ± 0.05 526 26 ÷ 80 2.5
4 1/2 0 HHH∗ 2.4 ± 0.06 353 0.1 ÷ 0.7 1.9
4 1/2 1/2 (LHH∗) 2.5 ± 0.06 347 3.6 ÷ 18 1.9
4 3/2 0 HHH 2.4 ± 0.06 729 0.1 ÷ 0.6 10
4 3/2 1/2 (LHH) 2.5 ± 0.06 712 2.7 ÷ 14 10
5 0 0 (HHH∗H∗) 5.0 ± 0.1 166 " 1 12
5 0 1/2 − 4.5 ± 0.1 166 " 1 12
7 0 0 − 8.5 ± 0.2 166 " 1 46

Table 1: Summary of the main properties of Minimal DM candidates. Quantum num-
bers are listed in the first 3 columns; candidates with Y #= 0 are allowed by direct DM searches
only if appropriate non-minimalities are introduced. The 4th column indicates dangerous decay
modes, that need to be suppressed (see sec. 2 for discussion). The 5th column gives the DM
mass such that the thermal relic abundance equals the observed DM abundance (section 4). The
6th column gives the loop-induced mass splitting between neutral and charged DM components
(section 3); for scalar candidates a coupling with the Higgs can give a small extra contribu-
tion, that we neglect. The 7th column gives the 3σ range for the number of events expected at
the Large Hadron Collider LHC (section 6). The last column gives the spin-independent cross
section, assuming a sample vale f = 1/3 for the uncertain nuclear matrix elements (section 5).

For each potentially successful assignment of quantum numbers we list in table 1 the main
properties of the DM candidates.

The ‘decay’ column lists the decay modes into SM particles that are allowed by renormaliz-
ability, using a compact notation. For instance, the scalar doublet in the first row can couple as
XiLjβEαεijεαβ where L is a SM lepton doublet, E is the corresponding lepton singlet, i, j are
SU(2)L-indices, α, β are spinor indices, and ε is the permutation tensor; therefore the neutral
component of X can decay as X0 → eē. For another instance, the fermion doublet in the second
row can couple as XαiEβHjεijεαβ, where H is the Higgs doublet: its neutral component can
decay as X0 → eh.

In general, one expects also non-renormalizable couplings suppressed by 1/Λp (where Λ is an
unspecified heavy cut-off scale, possibly related to GUT-scale or Planck-scale physics). These
give a typical lifetime τ ∼ Λ2p TeV−1−2p for a particle with TeV-scale mass. In order to make τ
longer than the age of the universe, dimension-5 terms (i.e. p = 1) must be effectively suppressed
by Λ & MPl, while dimension-6 operators (i.e. p = 2) are safe for Λ>∼ 1014 GeV. Therefore in
table 1 we also list (in parenthesis) the potentially dangerous dimension-5 operators.

One sees that for low n (upper rows of table 1) the multiplets can interact with and decay

3
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Figure 7. Inferred ATLAS 95% CL limits on WIMP annihilation rates 〈σ v〉 versus mass mχ.
〈σ v〉 is calculated as in ref. [15]. The thick solid lines are the observed limits excluding theoretical
uncertainties. The observed limits corresponding to the WIMP-parton cross section obtained from
the −1σtheory lines in figure 4 are shown as thin dotted lines. The latter limits are conservative
because they also include theoretical uncertainties. The ATLAS limits are for the four light quark
flavours assuming equal coupling strengths for all quark flavours to the WIMPs. For comparison,
high-energy gamma-ray limits from observations of Galactic satellite galaxies with the Fermi-LAT
experiment [75] for Majorana WIMPs are shown. The Fermi-LAT limits are scaled up by a factor
of two to make them comparable to the ATLAS Dirac WIMP limits. All limits shown here assume
100% branching fractions of WIMPs annihilating to quarks. The horizontal dashed line indicates
the value required for WIMPs to make up the relic abundance set by the WMAP measurement.

sensitive to annihilation to light and heavy quarks, whereas ATLAS probes mostly WIMP

couplings to lighter quarks and sets cross-section limits that are superior at WIMP masses

below 10 GeV for vector couplings and below about 100 GeV for axial-vector couplings. At

these low WIMP masses, the ATLAS limits are below the value needed for WIMPs to make

up the cold dark matter abundance (labelled Thermal relic value in figure 7), assuming

WIMPs have annihilated exclusively via the particular operator to SM quarks while they

were in thermal equilibrium in the early universe. In this case WIMPs would result in

relic densities that are too large and hence incompatible with the WMAP measurements.

For masses of mχ ≥ 200 GeV the ATLAS sensitivity worsens substantially compared to the

Fermi-LAT one. This will improve when the LHC starts operation at higher centre-of-mass

energies in the future.

– 28 –

ATLAS coll., CERN-PH-EP-2012-210, arXiv:1210.4491
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2 A. Boyarsky, D. Malyshev, O. Ruchayskiy

Figure 1. The map of significance of residuals for the region around the
Galactic Center.

backgrounds correspondingly. The number of free parameters
for the diffuse background model is 2 (the norms for each of the
backgrounds). The total number of free parameters in our model
is thus 48.

This model is similar to the one described in
Chernyakova et al. (2010).

2.2 Analysis

The data analysis was performed using the LAT Science Tools
package with the P6 V3 post-launch instrument response func-
tion (Rando et al. 2009).

We find the best-fit values of all parameters of the model
of Section 2.1 (using gtlike likelihood fitting tool) and deter-
mine resulting log-likelihood (Mattox et al. 1996) of the model.
Best fit values for the obtained fluxes agree within statistical
uncertainties with fluxes reported in Fermi Catalog (Abdo et al.
2010a) and in Chernyakova et al. (2010) (e.g. for the central
source we obtained the flux 5.68 × 10−8 cts/cm2/s while the
catalog gives (5.77 ± 0.3) × 10−8 cts/cm2/s).

We then freeze the values of the free parameters of our
model and simulate spatial distribution of photons at energies
above 1 GeV (using gtmodel tool). The significance of resid-
uals, (Observation - Model)/ statistical error, is shown in Fig 1.
We see the absence of structures in the central 2◦ region. The
average value of residuals is about 10% in the 2◦ region around
the GC, compatible with estimated systematic errors (10-20%)
of Fermi LAT at 1 GeV.3

Thus we see that the adopted model (point sources plus
galactic and extragalactic diffuse components) explains the
emission from the GC region and no additional components is
required.

3 DISCUSSION

We conclude that the signal within central 1◦−2◦, contain-
ing the “excess” found by Hooper & Goodenough 2010 (HG10
hereafter), can be well described by our model : (point sources
plus Galactic and extragalactic diffuse background compo-
nents). The discrepancy is then due to a different interpretation
of the data.

3 See e.g. http://fermi.gsfc.nasa.gov/ssc/data/
analysis/LAT_caveats.html
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Figure 2. Spectrum of the point source at the GC reported in
Chernyakova et al. (2010) (green points) together with the HG10 total
spectrum from 1.25◦ (black points), excess (blue squares) and GC point
source flux from HG10 (red open circles). Continuation of the HESS
data (van Eldik et al. 2008; Aharonian et al. 2004) (blue points) data
with a power law is shown with dashed black line.

The spectrum of the central point source (1FGL J1745.6-
2900c, probably associated with the Galactic black hole Sgr
A∗) was taken in HG10 to be a featureless power-law start-
ing from energies about 10 TeV (results of HESS measure-
ments, blue points with error bars in Fig. 2, (Aharonian et al.
2004; van Eldik et al. 2008)) and continuing all the way down
to ∼ 1 GeV. The flux attributed in this way to the central
point source is significantly weaker than in the previous works.
For comparison, the (PSF corrected) spectrum of the GC point
source reported in Chernyakova et al. (2010) is shown in Fig. 2
in green points. Its spectral characteristics are fully consistent
with the results of 11-months Fermi catalog Abdo et al. (2010a)
(∼ 6 × 10−8 cts/cm2/s above 1 GeV, compared to the ∼

5×10−9 cts/cm2/s at the same energies in HG10). The change
of the slope of the source spectrum below ∼ 100 GeV, as com-
pared with the HESS data is explained by Chernyakova et al.
(2010) with the model of energy dependent diffusion of pro-
tons in the few central parsecs around the GC. Alternatively,
the spectrum can be explained with the model developed in
Aharonian & Neronov (2005). The low-energy (GeV) compo-
nent of the spectra in this model is explained by synchrotron
emission from accelerated electrons, while high-energy (TeV)
one by inverse Compton radiation of the same particles. Accord-
ing to the analysis of Abdo et al. (2010a); Chernyakova et al.
(2010) the central point source provides significant contribution
to the flux in the 1.25◦ central region. HG10 suggest, apparently,
a different interpretation. They assume that there is no signifi-
cant change in the spectrum of the central source at∼ 100 GeV
and the spectrum observed by HESS at high energies continues
to lower energies. Then, large fraction of the flux between the
energies ∼ 600 MeV and ∼ 6 GeV has to be attributed to the
“DM excess”. One of the reasons in favor of such an interpreta-
tion could be the feature in the total spectrum from the central
region (rise between∼ 600MeV and several GeV) discussed in
HG10. Such a feature would also be consistent with a possible
contribution from millisecond pulsars (Abazajian 2010), that is
also expected to have a maximum at ∼ 2− 3 GeV.

To illustrate the nature of the spectral shape at these ener-
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Figure 1. The map of significance of residuals for the region around the
Galactic Center.

backgrounds correspondingly. The number of free parameters
for the diffuse background model is 2 (the norms for each of the
backgrounds). The total number of free parameters in our model
is thus 48.

This model is similar to the one described in
Chernyakova et al. (2010).

2.2 Analysis

The data analysis was performed using the LAT Science Tools
package with the P6 V3 post-launch instrument response func-
tion (Rando et al. 2009).

We find the best-fit values of all parameters of the model
of Section 2.1 (using gtlike likelihood fitting tool) and deter-
mine resulting log-likelihood (Mattox et al. 1996) of the model.
Best fit values for the obtained fluxes agree within statistical
uncertainties with fluxes reported in Fermi Catalog (Abdo et al.
2010a) and in Chernyakova et al. (2010) (e.g. for the central
source we obtained the flux 5.68 × 10−8 cts/cm2/s while the
catalog gives (5.77 ± 0.3) × 10−8 cts/cm2/s).

We then freeze the values of the free parameters of our
model and simulate spatial distribution of photons at energies
above 1 GeV (using gtmodel tool). The significance of resid-
uals, (Observation - Model)/ statistical error, is shown in Fig 1.
We see the absence of structures in the central 2◦ region. The
average value of residuals is about 10% in the 2◦ region around
the GC, compatible with estimated systematic errors (10-20%)
of Fermi LAT at 1 GeV.3

Thus we see that the adopted model (point sources plus
galactic and extragalactic diffuse components) explains the
emission from the GC region and no additional components is
required.

3 DISCUSSION

We conclude that the signal within central 1◦−2◦, contain-
ing the “excess” found by Hooper & Goodenough 2010 (HG10
hereafter), can be well described by our model : (point sources
plus Galactic and extragalactic diffuse background compo-
nents). The discrepancy is then due to a different interpretation
of the data.

3 See e.g. http://fermi.gsfc.nasa.gov/ssc/data/
analysis/LAT_caveats.html
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Figure 2. Spectrum of the point source at the GC reported in
Chernyakova et al. (2010) (green points) together with the HG10 total
spectrum from 1.25◦ (black points), excess (blue squares) and GC point
source flux from HG10 (red open circles). Continuation of the HESS
data (van Eldik et al. 2008; Aharonian et al. 2004) (blue points) data
with a power law is shown with dashed black line.

The spectrum of the central point source (1FGL J1745.6-
2900c, probably associated with the Galactic black hole Sgr
A∗) was taken in HG10 to be a featureless power-law start-
ing from energies about 10 TeV (results of HESS measure-
ments, blue points with error bars in Fig. 2, (Aharonian et al.
2004; van Eldik et al. 2008)) and continuing all the way down
to ∼ 1 GeV. The flux attributed in this way to the central
point source is significantly weaker than in the previous works.
For comparison, the (PSF corrected) spectrum of the GC point
source reported in Chernyakova et al. (2010) is shown in Fig. 2
in green points. Its spectral characteristics are fully consistent
with the results of 11-months Fermi catalog Abdo et al. (2010a)
(∼ 6 × 10−8 cts/cm2/s above 1 GeV, compared to the ∼

5×10−9 cts/cm2/s at the same energies in HG10). The change
of the slope of the source spectrum below ∼ 100 GeV, as com-
pared with the HESS data is explained by Chernyakova et al.
(2010) with the model of energy dependent diffusion of pro-
tons in the few central parsecs around the GC. Alternatively,
the spectrum can be explained with the model developed in
Aharonian & Neronov (2005). The low-energy (GeV) compo-
nent of the spectra in this model is explained by synchrotron
emission from accelerated electrons, while high-energy (TeV)
one by inverse Compton radiation of the same particles. Accord-
ing to the analysis of Abdo et al. (2010a); Chernyakova et al.
(2010) the central point source provides significant contribution
to the flux in the 1.25◦ central region. HG10 suggest, apparently,
a different interpretation. They assume that there is no signifi-
cant change in the spectrum of the central source at∼ 100 GeV
and the spectrum observed by HESS at high energies continues
to lower energies. Then, large fraction of the flux between the
energies ∼ 600 MeV and ∼ 6 GeV has to be attributed to the
“DM excess”. One of the reasons in favor of such an interpreta-
tion could be the feature in the total spectrum from the central
region (rise between∼ 600MeV and several GeV) discussed in
HG10. Such a feature would also be consistent with a possible
contribution from millisecond pulsars (Abazajian 2010), that is
also expected to have a maximum at ∼ 2− 3 GeV.

To illustrate the nature of the spectral shape at these ener-
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Figure 1. The map of significance of residuals for the region around the
Galactic Center.

backgrounds correspondingly. The number of free parameters
for the diffuse background model is 2 (the norms for each of the
backgrounds). The total number of free parameters in our model
is thus 48.

This model is similar to the one described in
Chernyakova et al. (2010).

2.2 Analysis

The data analysis was performed using the LAT Science Tools
package with the P6 V3 post-launch instrument response func-
tion (Rando et al. 2009).

We find the best-fit values of all parameters of the model
of Section 2.1 (using gtlike likelihood fitting tool) and deter-
mine resulting log-likelihood (Mattox et al. 1996) of the model.
Best fit values for the obtained fluxes agree within statistical
uncertainties with fluxes reported in Fermi Catalog (Abdo et al.
2010a) and in Chernyakova et al. (2010) (e.g. for the central
source we obtained the flux 5.68 × 10−8 cts/cm2/s while the
catalog gives (5.77 ± 0.3) × 10−8 cts/cm2/s).

We then freeze the values of the free parameters of our
model and simulate spatial distribution of photons at energies
above 1 GeV (using gtmodel tool). The significance of resid-
uals, (Observation - Model)/ statistical error, is shown in Fig 1.
We see the absence of structures in the central 2◦ region. The
average value of residuals is about 10% in the 2◦ region around
the GC, compatible with estimated systematic errors (10-20%)
of Fermi LAT at 1 GeV.3

Thus we see that the adopted model (point sources plus
galactic and extragalactic diffuse components) explains the
emission from the GC region and no additional components is
required.

3 DISCUSSION

We conclude that the signal within central 1◦−2◦, contain-
ing the “excess” found by Hooper & Goodenough 2010 (HG10
hereafter), can be well described by our model : (point sources
plus Galactic and extragalactic diffuse background compo-
nents). The discrepancy is then due to a different interpretation
of the data.

3 See e.g. http://fermi.gsfc.nasa.gov/ssc/data/
analysis/LAT_caveats.html
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Figure 2. Spectrum of the point source at the GC reported in
Chernyakova et al. (2010) (green points) together with the HG10 total
spectrum from 1.25◦ (black points), excess (blue squares) and GC point
source flux from HG10 (red open circles). Continuation of the HESS
data (van Eldik et al. 2008; Aharonian et al. 2004) (blue points) data
with a power law is shown with dashed black line.

The spectrum of the central point source (1FGL J1745.6-
2900c, probably associated with the Galactic black hole Sgr
A∗) was taken in HG10 to be a featureless power-law start-
ing from energies about 10 TeV (results of HESS measure-
ments, blue points with error bars in Fig. 2, (Aharonian et al.
2004; van Eldik et al. 2008)) and continuing all the way down
to ∼ 1 GeV. The flux attributed in this way to the central
point source is significantly weaker than in the previous works.
For comparison, the (PSF corrected) spectrum of the GC point
source reported in Chernyakova et al. (2010) is shown in Fig. 2
in green points. Its spectral characteristics are fully consistent
with the results of 11-months Fermi catalog Abdo et al. (2010a)
(∼ 6 × 10−8 cts/cm2/s above 1 GeV, compared to the ∼

5×10−9 cts/cm2/s at the same energies in HG10). The change
of the slope of the source spectrum below ∼ 100 GeV, as com-
pared with the HESS data is explained by Chernyakova et al.
(2010) with the model of energy dependent diffusion of pro-
tons in the few central parsecs around the GC. Alternatively,
the spectrum can be explained with the model developed in
Aharonian & Neronov (2005). The low-energy (GeV) compo-
nent of the spectra in this model is explained by synchrotron
emission from accelerated electrons, while high-energy (TeV)
one by inverse Compton radiation of the same particles. Accord-
ing to the analysis of Abdo et al. (2010a); Chernyakova et al.
(2010) the central point source provides significant contribution
to the flux in the 1.25◦ central region. HG10 suggest, apparently,
a different interpretation. They assume that there is no signifi-
cant change in the spectrum of the central source at∼ 100 GeV
and the spectrum observed by HESS at high energies continues
to lower energies. Then, large fraction of the flux between the
energies ∼ 600 MeV and ∼ 6 GeV has to be attributed to the
“DM excess”. One of the reasons in favor of such an interpreta-
tion could be the feature in the total spectrum from the central
region (rise between∼ 600MeV and several GeV) discussed in
HG10. Such a feature would also be consistent with a possible
contribution from millisecond pulsars (Abazajian 2010), that is
also expected to have a maximum at ∼ 2− 3 GeV.

To illustrate the nature of the spectral shape at these ener-
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Figure 1. The map of significance of residuals for the region around the
Galactic Center.

backgrounds correspondingly. The number of free parameters
for the diffuse background model is 2 (the norms for each of the
backgrounds). The total number of free parameters in our model
is thus 48.

This model is similar to the one described in
Chernyakova et al. (2010).

2.2 Analysis

The data analysis was performed using the LAT Science Tools
package with the P6 V3 post-launch instrument response func-
tion (Rando et al. 2009).

We find the best-fit values of all parameters of the model
of Section 2.1 (using gtlike likelihood fitting tool) and deter-
mine resulting log-likelihood (Mattox et al. 1996) of the model.
Best fit values for the obtained fluxes agree within statistical
uncertainties with fluxes reported in Fermi Catalog (Abdo et al.
2010a) and in Chernyakova et al. (2010) (e.g. for the central
source we obtained the flux 5.68 × 10−8 cts/cm2/s while the
catalog gives (5.77 ± 0.3) × 10−8 cts/cm2/s).

We then freeze the values of the free parameters of our
model and simulate spatial distribution of photons at energies
above 1 GeV (using gtmodel tool). The significance of resid-
uals, (Observation - Model)/ statistical error, is shown in Fig 1.
We see the absence of structures in the central 2◦ region. The
average value of residuals is about 10% in the 2◦ region around
the GC, compatible with estimated systematic errors (10-20%)
of Fermi LAT at 1 GeV.3

Thus we see that the adopted model (point sources plus
galactic and extragalactic diffuse components) explains the
emission from the GC region and no additional components is
required.

3 DISCUSSION

We conclude that the signal within central 1◦−2◦, contain-
ing the “excess” found by Hooper & Goodenough 2010 (HG10
hereafter), can be well described by our model : (point sources
plus Galactic and extragalactic diffuse background compo-
nents). The discrepancy is then due to a different interpretation
of the data.

3 See e.g. http://fermi.gsfc.nasa.gov/ssc/data/
analysis/LAT_caveats.html
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Figure 2. Spectrum of the point source at the GC reported in
Chernyakova et al. (2010) (green points) together with the HG10 total
spectrum from 1.25◦ (black points), excess (blue squares) and GC point
source flux from HG10 (red open circles). Continuation of the HESS
data (van Eldik et al. 2008; Aharonian et al. 2004) (blue points) data
with a power law is shown with dashed black line.

The spectrum of the central point source (1FGL J1745.6-
2900c, probably associated with the Galactic black hole Sgr
A∗) was taken in HG10 to be a featureless power-law start-
ing from energies about 10 TeV (results of HESS measure-
ments, blue points with error bars in Fig. 2, (Aharonian et al.
2004; van Eldik et al. 2008)) and continuing all the way down
to ∼ 1 GeV. The flux attributed in this way to the central
point source is significantly weaker than in the previous works.
For comparison, the (PSF corrected) spectrum of the GC point
source reported in Chernyakova et al. (2010) is shown in Fig. 2
in green points. Its spectral characteristics are fully consistent
with the results of 11-months Fermi catalog Abdo et al. (2010a)
(∼ 6 × 10−8 cts/cm2/s above 1 GeV, compared to the ∼

5×10−9 cts/cm2/s at the same energies in HG10). The change
of the slope of the source spectrum below ∼ 100 GeV, as com-
pared with the HESS data is explained by Chernyakova et al.
(2010) with the model of energy dependent diffusion of pro-
tons in the few central parsecs around the GC. Alternatively,
the spectrum can be explained with the model developed in
Aharonian & Neronov (2005). The low-energy (GeV) compo-
nent of the spectra in this model is explained by synchrotron
emission from accelerated electrons, while high-energy (TeV)
one by inverse Compton radiation of the same particles. Accord-
ing to the analysis of Abdo et al. (2010a); Chernyakova et al.
(2010) the central point source provides significant contribution
to the flux in the 1.25◦ central region. HG10 suggest, apparently,
a different interpretation. They assume that there is no signifi-
cant change in the spectrum of the central source at∼ 100 GeV
and the spectrum observed by HESS at high energies continues
to lower energies. Then, large fraction of the flux between the
energies ∼ 600 MeV and ∼ 6 GeV has to be attributed to the
“DM excess”. One of the reasons in favor of such an interpreta-
tion could be the feature in the total spectrum from the central
region (rise between∼ 600MeV and several GeV) discussed in
HG10. Such a feature would also be consistent with a possible
contribution from millisecond pulsars (Abazajian 2010), that is
also expected to have a maximum at ∼ 2− 3 GeV.

To illustrate the nature of the spectral shape at these ener-
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An excess with respect to what?
Extracting ‘data points’ is not trivial:

GeV gamma excess?

i. choose a ROI (shape, extension, masking...) and harvest Fermi-LAT data
ii. impose sensible cuts (Pass N, angles, CTBCORE...)
iii. in each energy bin, fit to a sum of spatial templates:

1. Fermi Coll. diffuse
2. isotropic
3. unresolved point sources
4. features (bubbles...)
5. AOB (molecular gas...)

iv. repeat the same, adding a template for:
6. Dark Matter, having chosen a certain profile!

v. if iii.     iv. improves χ2, there’s evidence for DM
vi. the component fitted by 6 is the residual excess to be explained 

Note: 
Adding 6 will in general change the recipe of 1...5  (you’ll need a bit more of x here, a bit less of y there...). 
Changing the profile of 6 too. 
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Figure 1. The map of significance of residuals for the region around the
Galactic Center.

backgrounds correspondingly. The number of free parameters
for the diffuse background model is 2 (the norms for each of the
backgrounds). The total number of free parameters in our model
is thus 48.

This model is similar to the one described in
Chernyakova et al. (2010).

2.2 Analysis

The data analysis was performed using the LAT Science Tools
package with the P6 V3 post-launch instrument response func-
tion (Rando et al. 2009).

We find the best-fit values of all parameters of the model
of Section 2.1 (using gtlike likelihood fitting tool) and deter-
mine resulting log-likelihood (Mattox et al. 1996) of the model.
Best fit values for the obtained fluxes agree within statistical
uncertainties with fluxes reported in Fermi Catalog (Abdo et al.
2010a) and in Chernyakova et al. (2010) (e.g. for the central
source we obtained the flux 5.68 × 10−8 cts/cm2/s while the
catalog gives (5.77 ± 0.3) × 10−8 cts/cm2/s).

We then freeze the values of the free parameters of our
model and simulate spatial distribution of photons at energies
above 1 GeV (using gtmodel tool). The significance of resid-
uals, (Observation - Model)/ statistical error, is shown in Fig 1.
We see the absence of structures in the central 2◦ region. The
average value of residuals is about 10% in the 2◦ region around
the GC, compatible with estimated systematic errors (10-20%)
of Fermi LAT at 1 GeV.3

Thus we see that the adopted model (point sources plus
galactic and extragalactic diffuse components) explains the
emission from the GC region and no additional components is
required.

3 DISCUSSION

We conclude that the signal within central 1◦−2◦, contain-
ing the “excess” found by Hooper & Goodenough 2010 (HG10
hereafter), can be well described by our model : (point sources
plus Galactic and extragalactic diffuse background compo-
nents). The discrepancy is then due to a different interpretation
of the data.

3 See e.g. http://fermi.gsfc.nasa.gov/ssc/data/
analysis/LAT_caveats.html
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Figure 2. Spectrum of the point source at the GC reported in
Chernyakova et al. (2010) (green points) together with the HG10 total
spectrum from 1.25◦ (black points), excess (blue squares) and GC point
source flux from HG10 (red open circles). Continuation of the HESS
data (van Eldik et al. 2008; Aharonian et al. 2004) (blue points) data
with a power law is shown with dashed black line.

The spectrum of the central point source (1FGL J1745.6-
2900c, probably associated with the Galactic black hole Sgr
A∗) was taken in HG10 to be a featureless power-law start-
ing from energies about 10 TeV (results of HESS measure-
ments, blue points with error bars in Fig. 2, (Aharonian et al.
2004; van Eldik et al. 2008)) and continuing all the way down
to ∼ 1 GeV. The flux attributed in this way to the central
point source is significantly weaker than in the previous works.
For comparison, the (PSF corrected) spectrum of the GC point
source reported in Chernyakova et al. (2010) is shown in Fig. 2
in green points. Its spectral characteristics are fully consistent
with the results of 11-months Fermi catalog Abdo et al. (2010a)
(∼ 6 × 10−8 cts/cm2/s above 1 GeV, compared to the ∼

5×10−9 cts/cm2/s at the same energies in HG10). The change
of the slope of the source spectrum below ∼ 100 GeV, as com-
pared with the HESS data is explained by Chernyakova et al.
(2010) with the model of energy dependent diffusion of pro-
tons in the few central parsecs around the GC. Alternatively,
the spectrum can be explained with the model developed in
Aharonian & Neronov (2005). The low-energy (GeV) compo-
nent of the spectra in this model is explained by synchrotron
emission from accelerated electrons, while high-energy (TeV)
one by inverse Compton radiation of the same particles. Accord-
ing to the analysis of Abdo et al. (2010a); Chernyakova et al.
(2010) the central point source provides significant contribution
to the flux in the 1.25◦ central region. HG10 suggest, apparently,
a different interpretation. They assume that there is no signifi-
cant change in the spectrum of the central source at∼ 100 GeV
and the spectrum observed by HESS at high energies continues
to lower energies. Then, large fraction of the flux between the
energies ∼ 600 MeV and ∼ 6 GeV has to be attributed to the
“DM excess”. One of the reasons in favor of such an interpreta-
tion could be the feature in the total spectrum from the central
region (rise between∼ 600MeV and several GeV) discussed in
HG10. Such a feature would also be consistent with a possible
contribution from millisecond pulsars (Abazajian 2010), that is
also expected to have a maximum at ∼ 2− 3 GeV.

To illustrate the nature of the spectral shape at these ener-
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the GC spit 1052 ergs in e± 1 mln yrs ago and they do ICS on ambient light, 
‘fits’ both spectrum and morphology

but: can one really get everything right?

but: why correlation with gas density not seen?
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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 ⇧ in terms of the number density of atoms
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In the above relations, nb and �b 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.

�⇧ 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 di⇥erential equation
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or, equivalently, in terms of redshift
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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
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cm3/sec is an e⇥ective coe⌅cient determined by fits to

experimental data [40]. Tigm(z) is the temperature of the IGM, also a⇥ected by DM annihila-
tions, that we will discuss below. Similarly, for helium
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The rate of ionizations per volume produced by DM annihilations at any given redshift z is
given by
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(z) · P (E�, z) · Nion(E�) (10)

where dn
dE�

(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 E� from the H ionization energy ei (or the He one, we here for simplicity do not
distinguish the two) up to the maximum energy m⇥. P (E�, z) is the probability of primary
ionizations per second, given by

P (E�, z) = nA(1 + z)3 [1� xion(z)] · ⌅tot(E�), (11)
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since the first terms represent the number of target atoms that can be ionized and ⌅tot is total
cross section for all the interactions su⇥ered by the DM-sourced photon and that result in the
production of free electrons. It contains several contributions (we follow e.g. the discussion
in [37]): the cross section for atomic photo-ionization �A⇤ e�A+ [41] (dominant up to about
1 MeV), the Klein-Nishina cross section for Compton scattering �e� ⇤ �e� [42] (dominant to
about 1 GeV) and the cross section for pair production on matter �A⇤ e±A⇤ [41] (important at
energies larger than 1 GeV). At higher energies, another processes that produces free electrons
becomes important: pair production on CMB photons � �CMB ⇤ e+e�. At redshift z � few
hundred in which we are interested, its threshold is however above 10 TeV. We do not include
the scatterings � �CMB ⇤ � �, as they do not result in free electrons but just redistribute the
photon energies.

Nion(E�) is the number of final ionizations that the primary-ionization electron generated
by a single photon of energy E� produces. It is simply given by

Nion(E�) = ⇥ion(xion(z)) E�
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in terms of the ionization potential energies of hydrogen ei,H = 13.7 eV and helium ei,He =
24.6 eV and their respective number abundances in the IGM. Here µ = 2.35 · 107 GeV�1

corresponds to the number of ionizations that an electron of 1 GeV would end up causing if
it were to release all of its energy in reionizations. The factor ⇥ion takes into account the fact
that only a portion of that energy actually goes into ionizations, the rest causing only heating
and atomic excitations. Such fraction depends in turn on xion(z) itself, as determined by the
detailed studies in [43, 44]:
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The spectral number density of DM-produced photons dn
dE�

(z) present at redshift z is ob-

tained by integrating the fluxes of photons produced at all previous redshifts (z⇤) taking into
account, with an absorption factor, the fact that some of them have already deposited their
energies at previous redshifts. In formulæ
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Here dN
dE�

�
(z⇤) is the spectrum of photons produced at z⇤ by one single annihilation. The factors

of (1 + z)3/(1 + z⇤)3 rescale the number densities taking into account the expansion of the
Universe. The absorption coe⇧cient � reads
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where here E ⇤⇤
� = E ⇤

�(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
e⇥ect 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 di⇥erential
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equation [12]
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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��/dt = 4⌅T 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�� ⇤
3/2 kBntot(1 + z)3 dTigm (finally using eq. (4) to pass to redshift) [46]. In these relations
U = ⌃ T 4

CMB is the energy density in the CMB blackbody bath (with ⌃ the Stefan-Boltzmann
constant [47]) and me is the electron mass. Thus in eq. (16) tc(z) = 3me/(8 ⌅T ⌃ 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 = ⇥heatE
(then translated into a rate of change with z as usual). Analogously to eq. (13), the factor ⇥heat

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

⇥heat

�
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) =

⌥ m�

0

dE�
dn

dE�
(z) · nA(1 + z)3 · ⌅tot(E�) · E�. (18)

Solving numerically the coupled di⇥erential equations (7) and (16) allows to obtain two
expressions for xion(z) (from which the value for �⇧ 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) =
⌥⌅v�
2 m2

⇥

⇤2
DM,0 (1 + z)6, (19)
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Figure 1: The evolution of the e�ective DM density �e�
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 di�erent panels assume di�erent 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) =
⇥⇥v⇤
2 m2

�

�2
DM,0(1 + z)6 (1 + Bi(z)) , (27)

thus allowing us to define an e�ective, averaged DM density resulting from structure formation,
�e�

DM(z) = �DM,0 (1 + z)3
�

1 + Bi(z) which we plot in figure 1, for di�erent 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 �s.

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 m� being the mass of the DM particle, ⌅⌅v⇧ the self-annihilation rate, and ⇤DM,0 is the
“smooth” DM density today ⇤DM,0 = ⇤DM⇤c, ⇤c 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) =
⌅⌅v⇧
2 m2

�

⌃
dM

dn

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

⌃
dr 4⇥r2 ⇤2

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

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

dn

dM
(M, z) =

⌥
⇥

2

⇤M

M
�c (1 + z)

d⌅(R)

dM

1

⌅2(R)
exp

⇤
��2

c (1 + z)2

2⌅2(R)

⌅
(21)

where ⌅(R) is the variance of the density field inside a radius R and �c = 1.28.
We will consider di⌅erent cases for the most common halo DM profiles ⇤i(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
⇥r3

s �vir(z) ⇤M ⇤(z) c3
vir(M, z). (22)

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

MDM(z) =

⇤
⇤DM

⇤M

⌅
M(z) = 4⇥r3

s ⇤s(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, ⇤s(r,M(z)) = ⇤i(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 ⇤(z) = ⇤c⇤M(1 + z)3), depends only on the given cosmology and for a flat
⇥CDM universe can be written as [64]

�vir(z) =

⇤
18⇥2 + 82(⇤M(z)� 1)� 39(⇤M(z)� 1)2

⇤M(z)

⌅
, (24)

being a smooth function of the redshift. It is approximately 18⇥2 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 ⇤c⇤M

⌃ �

Mmin

dM M
dn

dM
(z,M) Fi(M, z), (26)
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“smooth” DM density today ⇤DM,0 = ⇤DM⇤c, ⇤c 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) =
⌅⌅v⇧
2 m2

�

⌃
dM

dn

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

⌃
dr 4⇥r2 ⇤2

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

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

dn

dM
(M, z) =

⌥
⇥

2

⇤M

M
�c (1 + z)

d⌅(R)

dM

1

⌅2(R)
exp

⇤
��2

c (1 + z)2

2⌅2(R)

⌅
(21)

where ⌅(R) is the variance of the density field inside a radius R and �c = 1.28.
We will consider di⌅erent cases for the most common halo DM profiles ⇤i(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
⇥r3

s �vir(z) ⇤M ⇤(z) c3
vir(M, z). (22)

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

MDM(z) =

⇤
⇤DM

⇤M

⌅
M(z) = 4⇥r3

s ⇤s(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, ⇤s(r,M(z)) = ⇤i(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 ⇤(z) = ⇤c⇤M(1 + z)3), depends only on the given cosmology and for a flat
⇥CDM universe can be written as [64]

�vir(z) =

⇤
18⇥2 + 82(⇤M(z)� 1)� 39(⇤M(z)� 1)2

⇤M(z)

⌅
, (24)

being a smooth function of the redshift. It is approximately 18⇥2 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 ⇤c⇤M

⌃ �

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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+

dN (γ)
F

dE

dχ(γ)
i,h (E, z′, z)
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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

Galli, Iocco, Bertone, Melchiorri, PRD 80 (2009)

Similar conclusion 
from global CMB fits

Slatyer, Padmanabahn, Finkbeiner, PRD 80 (2009)
Galli, Iocco, Bertone, Melchiorri, 1106.1528 (2011)

3

WMAP7 WMAP7+ACT WMAP7 Standard WMAP7+ACT Standard

pann[cm
3/s/GeV ] < 2.42 × 10−27 < 2.09 × 10−27 - -

ns 0.977 ± 0.015 0.971 ± 0.014 0.963 ± 0.014 0.962 ± 0.013
100Ωbh

2 2.266 ± 0.057 2.237 ± 0.053 2.258+0.057
−0.056 2.214 ± 0.050

Ωch
2 0.1115 ± 0.0054 0.1119 ± 0.0053 0.1109 ± 0.0056 0.1127 ± 0.0054

TABLE I: Constraints on the annihilation parameter pann and on the cosmological parameters that are more degenerate with
it, i. e. the scalar spectral index ns, the baryon density ωb and the dark matter density ωc. We report the results using WMAP7
data and WMAP7+ACT data. The constraints on pann are upper bound at 95% c.l., while for the other parameters we show
the marginalized value and their errors at 68% c.l. The last two columns reports the value of the cosmological parameters in
the standard ΛCDM case with no annihilation, as found by the WMAP7 team [24] and the ACT team [25].

the initial energy deposited into the gas is not constant
with cosmic time, even if the on–the–spot approximation
holds true at all redshifts of interest. This problem has
been addressed in [19], where the authors have computed
the evolution of the energy fraction f(z) for different pri-
mary species, and DM particle mass. As it can be seen
from their Figure 4, the f(z) is a smoothly varying func-
tion of redshift (even more so for the values of interest in
our problem 100 <

∼ z <
∼ 1000). We show the constraints

for time-varying f(z) in Figure 1. Interestingly, the new
results rule out ‘thermal’ WIMPs with mass mχ

<
∼ 10

GeV.
We have checked the constraints which is possible to

place using the redshift dependent shape of f presented in
Equation A1 and Table 1 of [19]. We have obtained con-
straints for purely DM models annihilating solely (and
separately) into electrons and muons, with different DM
masses, reported in Table II. This choice of annihila-
tion channels brackets the possible values of f(z): the
case of annihilation to other channels (except of course
neutrinos, which practically do not couple at all with the
plasma) falls between the two limiting cases studied here.
Although the implementation of the z-dependence of

f clearly leads to more accurate results, we found that
taking a simplified analysis with constant f , such that
f(z = 600) = fconst, leads to a difference with respect to
the full f(z) approach of less than ∼ 15%, depending on
the annihilation channel considered.
Discussion and Conclusions. In this brief report

we have provided new updated CMB constraints on
WIMP annihilations, with an improved analysis that
includes more recent CMB data (WMAP7 and the
ACT2008) and implementing the redshift evolution of the
thermal gas opacity to the high energy primary shower.
We have also found that a simplified analysis with con-
stant f = f(z = 600) leads to an error on the maximum
DM self-annihilation cross section smaller than ∼ 15%,
with respect to a treatment that fully takes into account
the redshift dependence of f(z).
While we were finalizing this paper, Hutsi et al.

(HCHR2011) [26] have reported results from a similar
analysis, using an averaged evolution of the f(z). They
provide 2− σ upper limits from WMAP7 with 1− σ un-
certainties on these limits due to the method used. These

FIG. 1: Constraints on the cross section < σv > in function
of the mass, obtained using a variable f(z) for particles anni-
hilating in muons (x signs) and in electrons (diamonds) using
WMAP7 data (red) and WMAP7+ACT data (black) at 95%
c.l.. The exclusion shaded areas are obtained for interpolation
of the WMAP7 + ACT data points for muons (dark shading)
and electrons (light shading). The black solid line indicates
the standard thermal cross-section < σv >= 3×10−26cm3/s.

results are a factor between 1.2 and 2 weaker than ours.
This is partially due to the fact that we account for ex-

tra Lyman radiation in our code, but this can account for
only less than 10% of the difference between the results.
As in GIBM09, we have calculated how much the

Planck satellite and a hypothetical Cosmic Variance Lim-
ited experiment will improve the constraints compared
to WMAP7 in the case of constant f (constraints for
Planck and CVL reported in GIBM09). We obtain im-
provement factors of 8 and 23 for Planck and CVL re-
spectively, which are compatible with the ones reported
in HCHR2011, 6 and 13. The difference for the CVL
experiment is attributed to the slightly different specifi-
cations used for the CVL experiment in HCHR2011 and
in GIBM09, namely the maximum multipole considered
in the analysis, as also stated in HCHR2011. Clearly the
data from the on-going Planck satellite mission, expected

see also:  Finkbeiner, Galli, Lin, Slatyer 1109.6322 (2011)
Galli, Slatyer, Valdes, Iocco, 1306.0563 (2013)
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Giesen, Lesgourgues, Audren, Ali-Haïmoud (2012)

Similar conclusion 
from global CMB fits

3

WMAP7 WMAP7+ACT WMAP7 Standard WMAP7+ACT Standard

pann[cm
3/s/GeV ] < 2.42 × 10−27 < 2.09 × 10−27 - -

ns 0.977 ± 0.015 0.971 ± 0.014 0.963 ± 0.014 0.962 ± 0.013
100Ωbh

2 2.266 ± 0.057 2.237 ± 0.053 2.258+0.057
−0.056 2.214 ± 0.050

Ωch
2 0.1115 ± 0.0054 0.1119 ± 0.0053 0.1109 ± 0.0056 0.1127 ± 0.0054

TABLE I: Constraints on the annihilation parameter pann and on the cosmological parameters that are more degenerate with
it, i. e. the scalar spectral index ns, the baryon density ωb and the dark matter density ωc. We report the results using WMAP7
data and WMAP7+ACT data. The constraints on pann are upper bound at 95% c.l., while for the other parameters we show
the marginalized value and their errors at 68% c.l. The last two columns reports the value of the cosmological parameters in
the standard ΛCDM case with no annihilation, as found by the WMAP7 team [24] and the ACT team [25].

the initial energy deposited into the gas is not constant
with cosmic time, even if the on–the–spot approximation
holds true at all redshifts of interest. This problem has
been addressed in [19], where the authors have computed
the evolution of the energy fraction f(z) for different pri-
mary species, and DM particle mass. As it can be seen
from their Figure 4, the f(z) is a smoothly varying func-
tion of redshift (even more so for the values of interest in
our problem 100 <

∼ z <
∼ 1000). We show the constraints

for time-varying f(z) in Figure 1. Interestingly, the new
results rule out ‘thermal’ WIMPs with mass mχ

<
∼ 10

GeV.
We have checked the constraints which is possible to

place using the redshift dependent shape of f presented in
Equation A1 and Table 1 of [19]. We have obtained con-
straints for purely DM models annihilating solely (and
separately) into electrons and muons, with different DM
masses, reported in Table II. This choice of annihila-
tion channels brackets the possible values of f(z): the
case of annihilation to other channels (except of course
neutrinos, which practically do not couple at all with the
plasma) falls between the two limiting cases studied here.
Although the implementation of the z-dependence of

f clearly leads to more accurate results, we found that
taking a simplified analysis with constant f , such that
f(z = 600) = fconst, leads to a difference with respect to
the full f(z) approach of less than ∼ 15%, depending on
the annihilation channel considered.
Discussion and Conclusions. In this brief report

we have provided new updated CMB constraints on
WIMP annihilations, with an improved analysis that
includes more recent CMB data (WMAP7 and the
ACT2008) and implementing the redshift evolution of the
thermal gas opacity to the high energy primary shower.
We have also found that a simplified analysis with con-
stant f = f(z = 600) leads to an error on the maximum
DM self-annihilation cross section smaller than ∼ 15%,
with respect to a treatment that fully takes into account
the redshift dependence of f(z).
While we were finalizing this paper, Hutsi et al.

(HCHR2011) [26] have reported results from a similar
analysis, using an averaged evolution of the f(z). They
provide 2− σ upper limits from WMAP7 with 1− σ un-
certainties on these limits due to the method used. These

FIG. 1: Constraints on the cross section < σv > in function
of the mass, obtained using a variable f(z) for particles anni-
hilating in muons (x signs) and in electrons (diamonds) using
WMAP7 data (red) and WMAP7+ACT data (black) at 95%
c.l.. The exclusion shaded areas are obtained for interpolation
of the WMAP7 + ACT data points for muons (dark shading)
and electrons (light shading). The black solid line indicates
the standard thermal cross-section < σv >= 3×10−26cm3/s.

results are a factor between 1.2 and 2 weaker than ours.
This is partially due to the fact that we account for ex-

tra Lyman radiation in our code, but this can account for
only less than 10% of the difference between the results.
As in GIBM09, we have calculated how much the

Planck satellite and a hypothetical Cosmic Variance Lim-
ited experiment will improve the constraints compared
to WMAP7 in the case of constant f (constraints for
Planck and CVL reported in GIBM09). We obtain im-
provement factors of 8 and 23 for Planck and CVL re-
spectively, which are compatible with the ones reported
in HCHR2011, 6 and 13. The difference for the CVL
experiment is attributed to the slightly different specifi-
cations used for the CVL experiment in HCHR2011 and
in GIBM09, namely the maximum multipole considered
in the analysis, as also stated in HCHR2011. Clearly the
data from the on-going Planck satellite mission, expected

see also:  Finkbeiner, Galli, Lin, Slatyer 1109.6322 (2011)
Galli, Slatyer, Valdes, Iocco, 1306.0563 (2013)
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DM particles 
annihilations may
inject too much energy
that destroys forming 
nuclei: stringent bounds!
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Conclusions
DM exists

DM searches are inherently multipronged:
direct, indirect, collider.

Complementarities are difficult:
- either in the special case of DMν from the Sun
- or in a specific model
- or in a EFT approach (with caveats)

Associated signals might be more promising. 

Beware of uncertainties and backgrounds. 


