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Dark matter evidences

A little thermal history of the Universe in 3 acts

Boltzman equation from insi(ght)de

A specific example : Extra U(1)  [hidden photon, Z’, Zdark..]

Conclusion an perspective

Astrophysical signals, exemple of synchrotron emission 



Astroparticle
3 different scales : particle (pb), Astro (light years), Cosmo (Hubble time)

3 different philosophies/visions of physics

Accelerators are made by physicists for physicists whereas Universe was made 

by ? for ?

LHC provides 600 millions collisions per seconds whereas we just have 1 Universe : 
we cannot reproduce the experiment to increase the luminosity!!!

LHC provides his own background, whereas in the Universe, you have no idea of the 
background as you always measure Signal+Background.



Dark matter evidence : Galactic scale 

�DM / 1

r2
! Mgal = V olume ⇤ � / r ! v ⇠ cte

GmMgal

r
= mv2 ! v / 1p

r



Cluster of Galaxy scale



Cosmological scale (PLANCK results March 19th)
Cosmic Microwave Background (CMB)



Dark Matter candidates
Neutralino
Gravitino
KK modes

νR
Hidden fermonic sector 

Dark U(1)
Sterile neutrino

Phantom dark matter
Higgs doublet

Mirror dark matter
Stable extra gauge boson.. 

Mass/coupling classification

• Weakly coupling
(neutralino, sterile neutrino..)
• Planck induced coupling

(gravitino)
• Intermediate («feeble») 

coupling
(FIMP, SO(10) theories)

•  Dark coupling 
(Extra U(1), dark photons)



A little thermal history of the Universe (I)



A little thermal history of the Universe (II)
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A little thermal history of the Universe (II)
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A little thermal history of the Universe (II)
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Time
Energy
Temperature

ργ

ρφ

Matter dominatedRadiation dominated

300 000 yr
1 eV

3000 K

Radiation dominated Matter dominated

γ are in thermal equilibrium 
with electromagnetically 

charged species :
 nγ =3/4 nfermions

ρn

Treheating:
Γφ =3H(Tr)
Tr=0.7Γφ^0.5

10^-5 s
1 GeV
3 10^12K

ρp

1 second
1 MeV
3 10^9 K

The neutron being heavier than the 
proton, it freezes out with a more 

suppressed boltzmann factor,
Exp(mp-mn/kT) =0.15-0.20

200 MeV

Large increase of the Entropy due to 
the decay of the φ field into photons 

and electrons: Radiation dominated era

ρ

Decay of φ
 (Moduli, Dilaton, Inflaton)

10 -10^7 sec  
1 MeV - 1 keV
3 10^9 K -3 10^6 K
1 yr= 3 10^7 s
t(s)=10^13/E^2(eV)
T(K)=3 10^3 E(eV)
H(T)=5.5 T^2/Mpl

1-3 minutes
0.3 MeV
10^9 K

C12He4

Decoupling : the temperature is not 
sufficient anymore to destroy the 
formation of neutral atoms : the γ 
are free to propagates to form the 

CMB

Temperature is below the binding 
energy (entropy renormalized) of 

the deuteron beginning of the 
Nucleosynthesis

Transition quarks/hadron

Γφ

Exponential suppression from 
Boltzman factor Exp(-m/kT)

Dark Matter

Expansion rate H dominates decay 
rates of φ . Definition of the 

reheating temperature (minimum 2 
MeV up to GUT scale)

Mdm/20

500 Gyr
0.02 eV

60 K

15 Tyr
1 meV
2.7 K

First galaxies formation

Big 
Bang



A little thermal history of the Universe (III)

= -3 H n                                   (H = R / R)
.

Boltzmann Equation 
for a density of dark particle n :

 dn
 dt

- < σ v>   n
2

[       -  neq  ]
2

Important assumption: the dark matter was in thermal equilibrium in the 
Standard Model bath (plasma) since the early history of the Universe.
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What is the mediator(s)?
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What is the (s)mediator ?
SM DM

DM

A / H / S

SM

Neutralino 
in (N)MSSM

No exclusions (yet)
Possible detection

+ possibility of non-
SUSY scalar 
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BUT in coherent Supergravity 
scenario, difficult to observe 

due to Higgs mass : 
mh = Mz + Log(Mst/Mt) => heavy 
scalar sector => Heavy Higgses

E. Dudas, A. Linde, 
Y.M., 

A. Mustafayev, 
K. Olive
(2013)
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In the original version of H3m, the transition of mt

from the on-shell to the dr scheme could su�er from
large logarithms if superpartners masses or renormaliza-
tion scales µ are much larger than mt. Since null re-
sults from the LHC increasingly favor this possibility,
the program has been improved in the following way.
First, we calculate mt(µ) in five-flavor QCD in the ms
scheme using 4-loop running as implemented in the nu-
merical package RunDec [18]. This value is transferred
to the dr scheme via a finite renormalization at 3-loop
order [19, 20]. Finally, the transition from five-flavor
QCD to SUSY-QCD is performed using the 2-loop de-
coupling coe⇥cient of mt [21, 22]. This procedure is
faster, more robust, and more accurate than the old
code. The new version of H3m is publicly available at
http://www.ttp.kit.edu/Progdata/ttp10/ttp10-23.

Results as a Function of Weak-Scale Parameters. We
now present results for the Higgs boson mass, including
the 3-loop corrections described above, as functions of
weak-scale supersymmetry parameters. We set tan⇥ =
20 so that the tree-level Higgs boson mass is within 1
GeV of its maximal value, and we consider nearly de-
generate, unmixed stops, with mt̃L = mt̃R and Xt = 0.
The dependence on other parameters is relatively mild;
we set µ = 200 GeV, assume gaugino mass unification
with mg̃ = 1.5 TeV, and set all other sfermion soft mass
parameters equal to mt̃L,R

+1 TeV. For multi-TeV values
of the sfermion masses, these models have scalar masses
far heavier than gaugino and Higgsino masses.

The results are shown in Fig. 1. For mt̃1 in the range
1–10 TeV, 1-loop corrections raise the Higgs mass by 18
to 31 GeV, and 2-loop corrections raise the mass fur-
ther by another 4 to 7 GeV. The experimental value of
mh is apparently obtained for mt̃1 � 5 TeV. However,
the 3-loop e�ects raise the Higgs mass by another 0.5
to 3 GeV. The magnitude of the corrections decreases
with increasing loop order, indicating a well-behaved, if
slowly converging, perturbative expansion, and the size of
the 3-loop corrections is consistent, within uncertainties,
with the NLL analysis of Ref. [23]. Clearly, however, the
3-loop corrections are still sizable, and they reduce the
required top squark mass to 3 to 4 TeV, a reduction with
potentially great significance for supersymmetry discov-
ery, as we discuss below.

Ref. [23] observes partial cancellations between leading
logarithm terms of O(�t�2

s) and O(�2
t�s) in a particular

scenario. We advocate a full calculation at O(�2
t�s) to

investigate whether this behaviour is universal.
In Fig. 1, the width of the bands is determined by

the parametric uncertainty induced by the uncertainty
in the top quark mass and �s. It is dominated by the
uncertainty in the top mass. The top mass has been con-
strained by kinematic fits in combined analyses of Teva-
tron [24] and LHC [25] data, and may also be stringently
constrained in the future by cross section measurements
(see, e.g., Ref. [26]). For now, we consider the range

���������
��	
��������

��	������
�

��	�������

��	�������

��	�
������������
����	�������������� 

(TeV)t~m
1 2 3 4 5 6 7 8 9 10

(G
eV

)
h

m

105

110

115

120

125

130

135

1

FIG. 1. The Higgs boson mass mh from H3m at 1-, 2-,
and 3-loops for nearly degenerate (mt̃L

= mt̃R
), unmixed

(Xt = 0) top squarks, as a function of the physical mass
mt̃1

. The renormalization scale is fixed to MS =
�
mt̃1

mt̃2
,

we set tan⇥ = 20, µ = 200 GeV, all other sfermion soft
parameters equal to mt̃L,R

+ 1 TeV, and assume gaugino
mass unification with mg̃ = 1.5 TeV. The bands indicate
the parametric uncertainty from mpole

t = 173.3 ± 1.8 GeV
and �s(mZ) = 0.1184 ± 0.0007. The horizontal bar is the
experimentally allowed range mh = 125.6± 0.4 GeV.

mpole
t = 173.3 ± 1.8 GeV. The resulting parametric un-

certainty is 0.5 to 2 GeV; it exceeds the experimental
uncertainty and is comparable to that expected from 4-
and higher-loop e�ects in the theoretical prediction.

In Fig. 2, we compare our results to those of 2-loop
codes. The 2-loop results di�er significantly from each
other, with di�erences of up to 4 GeV for stop masses
in the 1 to 10 TeV range shown. The 3-loop results are
within this range for � TeV stop masses, as found in
Refs. [5, 6]. However, for multi-TeV stop masses, the
3-loop contributions may significantly enhance mh.

Some of the di�erences between the 2-loop results can
be explained by di�erent default choices for the renor-
malization scale. They also di�er in how the running top
mass is extracted from its pole mass. This di�erence is
formally of higher order [27]. The di�erent treatment of
parameters also explains the di�erence between H3m’s 2-
loop results and FeynHiggs. For example, FeynHiggs
uses 1-loop running for �s and mt, which is formally cor-
rect since the 2-loop results are leading order in �s.

Results for mSUGRA and Implications for Supersym-
metry at the LHC. To determine the implications of the
3-loop corrections for the LHC, we consider here the well-
known framework of minimal supergravity (mSUGRA),
defined in terms of GUT-scale parameters, for which de-
tailed collider studies have been carried out.

Feng, Kant, Profumo, Sanford
3 loops Higgs

1306.2318



Insights on the Boltzman equation
M. Blenow, 
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Y. Mambrini, 
B. Zaldivar
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A concrete  example

h Yukawa  (Higgs portal)

H/A/S
Yukawas (SUSY)

1
Λ2 Effective approach

Φ
GUT / SO(10)

λ45

Z’
δ

In all what follows I will take Z’ as a mediator for illustration but..



A concrete exemple : Extra U(1)
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Ultra-Violet realization
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Bessel function and ⇥ the e⇥ective degrees of freedom of
incoming particles.

Since the production of DM occurs mainly at TRH ⇧
m⇥, we can neglect m⇥ in estimating the amplitude for
production. In this case, assuming that both ⇧ and the
initial state, f , are fermions, we obtain

|M⇥|2 ⇤
g4Dq2⇥q

2
fN

f
c

(s�M2
Z0)2

⇧
s2(1 + cos2 �)

⌃
(6)

where � is the angle between the two outgoing DM par-
ticles, Nf

c is number of colors of the particle f , and qi is
the charge of the particle i under U �(1) with a gauge cou-
pling gD. Here, q is an e⇥ective coupling which will ulti-
mately depend on the specific intermediate gauge group
chosen. With the approximations m⇥,mf ⌅

⌥
s and

MZ0 ⇧ TRH , and after integration over � and sum over
all incoming SM fermions in the thermal bath, we obtain

dY⇥
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Solving Eq.(7) between the reheating temperature and
a temperature T gives
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(8)
where we replaced the mass of the Z � by MZ0 =
5⇥
3
gDMint and made the approximation g� = gs. We

note that the e⇥ect of Z � decay on the abundance of ⇧ is
completely negligible due to its Boltzmann suppression
in the Universe: the Z � is largely decoupled from the
thermal bath already at the time of reheating.

We note several interesting features from Eq.(8). First
of all, the number density of the dark matter does not de-
pend at all on the strength of the U �(1) coupling gD but
rather on the intermediate scale (that is determined by
requiring gauge coupling unification as we demonstrated
in the previous section). Second, the production of dark
matter is mainly achieved at reheating. Thirdly, once
the relic abundance is obtained, the number density per
comoving frame (Y ) is fixed, never having reached ther-
mal equilibrium with the bath. And finally, upon apply-
ing the WMAP determination for the DM abundance,
we obtain a tight constraint on TRH once the pattern of
SO(10) breaking is known (and thus Mint fixed).

Thus, given a scheme of SO(10) breaking we can deter-
mine the reheating temperature very precisely from the
relic abundance constraint in the Universe. From
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where H is the Hubble parameter and the index “0” cor-
responds to present-day values. Combining Eq.(8) and
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FIG. 2. Reheating temperature as function of the SO(10) breaking
scale for di�erent mass of dark matter : 10, 100 and 1000 GeV

TABLE I. Possible breaking schemes of SO(10).

SO(10) ⇥ G� [Higgs] Mint(GeV) TRH(GeV)

A 4� 2L � 1R [16] 1012.9 3� 109

A 4� 2L � 1R [126] 1011.8 1� 108

B 4� 2L � 2R [16] 1014.4 3� 1011

B 4� 2L � 2R [126] 1013.8 5� 1010

C 3C � 2L � 2R � 1B�L [16] 1010.6 3� 106

C 3C � 2L � 2R � 1B�L [126] 108.6 6� 103

Eq.(9) we find
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where we took for illustration q2⇥

⌥
f ⇥

2
fq

2
fN

f
c = 1. We

show in Fig.(2) the evolution of TRH as function of Mint

for di⇥erent values of the dark matter mass m⇥. We can
thus fix the reheating temperature predicted by di⇥erent
symmetry breaking patterns1. We summarize them in
Table I, where the values of TRH are given for m⇥ = 100
GeV. Note that fixing TRH in this way is reminiscent of
fixing particle masses or couplings in other dark matter
matter models necessary to obtain the correct relic den-
sity. We note that although we have here and in Fig. 2
shown results for central values of m⇥ = 100 GeV, dark

1 We note that the value obtained for the intermediate scale in
di�erent SO(10) breaking schemes is not modified by the pres-
ence of a dark matter particle which is not charged under the
SM gauge group.

Unification condition => 
Reheating temperature
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Figure 3: Electron + positron spectral density at two locations in the Galaxy (at the Earth,
top row, and near the GC at (r, z) = (0.1, 0) kpc, bottom row), for three specific DM models
(columns). The dashed red line represents the spectrum one would have neglecting bremsstrahlung
losses; the solid black line is the actual spectrum including bremsstrahlung; the dotted black line
corresponds to enlarging the gas density to values realistic for the GC region (see Sec. 2.1).

� In turn, the uncertainty on the actual gas density of the GC region has a sizable
impact on the normalization of the spectrum (shaded band).

� One can expect that if one were to adopt a simple rescaling of the emissivity in the GC
region (with electron spectra still computed with coarse grained maps –the procedure
discussed in sec. 2.1, which we do not adopt–) one would be led to significant errors
in the estimated gamma-ray flux, since it is the steady state electron population itself
to be a�ected.

3.2 Gamma-ray spectra

We can now proceed to compute the �-ray spectra associated to the same DM models
introduced above. In fig. 4 we show the di�erential emissions dE/dE of the unit volume
cells (number of photons per unit time, energy, solid angle and volume, rescaled by E3)
located at the Earth and close to the GC. In each case we show the di�erent components:
prompt (taken directly from [8]), bremsstrahlung (computed according to eq. (1)) and ICS
(computed as discussed in [8]). Several comments are in order.

10

Bremsstrahlung effect
Cirelli, Serpico, Zaharijas

1307.7152

1 100.3 3 30

1013

1014

1015

1016

e⇧ energy in GeV

lo
ss
tim
e�
sc
al
e
⇤
in
se
c

ICS

SynchrIoni
z

Brem

Total

At Earth: �B⇥ ⌅ 4 ⇥G
ulight ⌅ 1 eV⇤cm3
ngas ⌅ 1 particle⇤cm3

1 100.3 3 30

1013

1014

1015

1016

e⇧ energy in GeV

lo
ss
tim
e�
sc
al
e
⇤
in
se
c

ICS

Synchr
Ioni
z

Brem

TotalNear GC: �B⇥ ⌅ 10 ⇥G
ulight ⌅ 10 eV⇤cm3
ngas ⌅ 10 particle⇤cm3

Figure 1: Typical timescales of energy losses of an electron (or positron) due to di�erent
processes, at the location of the Earth (left) and close to the galactic center (right). Here ⇥B⇤ is
the average density of the magnetic field (relevant for synchrotron), ulight is an indicative density
of interstellar radiation field (relevant for ICS) and ngas is the density of the interstellar gas
(relevant for bremsstrahlung; near the GC we choose 10 p/cm3 for illustration: densities can go
from O(1) to O(100) or more, see the discussion in Sec. 2.1).

In turn, the �-ray emission of the cell consists of: 1) the prompt �-rays from DM
annihilations, 2) the ICS �-rays from the energetic e± contained in the cell hitting the
local background light and 3) the bremsstrahlung �-rays from those same electrons hitting
the gas in the cell (synchrotron emission falls in the radio/microwave range and will not be
of our interest as a signal). Hence, there are essentially two ways in which the �-ray signal
is a⇥ected by bremsstrahlung: 1) via the impact that the additional energy loss has on
�e± , the steady state spectrum of e± later undergoing ICS; 2) via the additional emission
process. In most DM �-ray studies both aspects are neglected.

We now move to discuss bremsstrahlung by recalling some basic formulæ, while details
can be found in standard references such as [10, 11]. We shall assume everywhere relativistic
incident electrons and positrons (hence their speed is c = 1), having energy � 20 MeV.

Schematically, one can write the gamma-ray emission E due to bremsstrahlung from a
cell located at ⇤x = (r, z) as the integral over all possible e± energies Ee± giving origin to a
photon of energy E�

dE�,brem(⇤x)
dE�

=
�

i

ni(⇤x)

⇥

EL

dEe± 2
d�e±(⇤x)

dEe±
· d⇥i

dE�
(1)

where n is the gas density (the index i runs on all possible species) and the factor of 2
accounts for electrons and positrons (�e± represents the steady state electron or positron
flux). EL = max(E�, Emin), Emin being the minimum energy cuto⇥.

The main particle physics input is the di⇥erential cross-section d⇥i/dE� for bremsstrah-
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Figure 3: Electron + positron spectral density at two locations in the Galaxy (at the Earth,
top row, and near the GC at (r, z) = (0.1, 0) kpc, bottom row), for three specific DM models
(columns). The dashed red line represents the spectrum one would have neglecting bremsstrahlung
losses; the solid black line is the actual spectrum including bremsstrahlung; the dotted black line
corresponds to enlarging the gas density to values realistic for the GC region (see Sec. 2.1).

� In turn, the uncertainty on the actual gas density of the GC region has a sizable
impact on the normalization of the spectrum (shaded band).

� One can expect that if one were to adopt a simple rescaling of the emissivity in the GC
region (with electron spectra still computed with coarse grained maps –the procedure
discussed in sec. 2.1, which we do not adopt–) one would be led to significant errors
in the estimated gamma-ray flux, since it is the steady state electron population itself
to be a�ected.

3.2 Gamma-ray spectra

We can now proceed to compute the �-ray spectra associated to the same DM models
introduced above. In fig. 4 we show the di�erential emissions dE/dE of the unit volume
cells (number of photons per unit time, energy, solid angle and volume, rescaled by E3)
located at the Earth and close to the GC. In each case we show the di�erent components:
prompt (taken directly from [8]), bremsstrahlung (computed according to eq. (1)) and ICS
(computed as discussed in [8]). Several comments are in order.
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Figure 1: Typical timescales of energy losses of an electron (or positron) due to di�erent
processes, at the location of the Earth (left) and close to the galactic center (right). Here ⇥B⇤ is
the average density of the magnetic field (relevant for synchrotron), ulight is an indicative density
of interstellar radiation field (relevant for ICS) and ngas is the density of the interstellar gas
(relevant for bremsstrahlung; near the GC we choose 10 p/cm3 for illustration: densities can go
from O(1) to O(100) or more, see the discussion in Sec. 2.1).

In turn, the �-ray emission of the cell consists of: 1) the prompt �-rays from DM
annihilations, 2) the ICS �-rays from the energetic e± contained in the cell hitting the
local background light and 3) the bremsstrahlung �-rays from those same electrons hitting
the gas in the cell (synchrotron emission falls in the radio/microwave range and will not be
of our interest as a signal). Hence, there are essentially two ways in which the �-ray signal
is a⇥ected by bremsstrahlung: 1) via the impact that the additional energy loss has on
�e± , the steady state spectrum of e± later undergoing ICS; 2) via the additional emission
process. In most DM �-ray studies both aspects are neglected.

We now move to discuss bremsstrahlung by recalling some basic formulæ, while details
can be found in standard references such as [10, 11]. We shall assume everywhere relativistic
incident electrons and positrons (hence their speed is c = 1), having energy � 20 MeV.

Schematically, one can write the gamma-ray emission E due to bremsstrahlung from a
cell located at ⇤x = (r, z) as the integral over all possible e± energies Ee± giving origin to a
photon of energy E�
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where n is the gas density (the index i runs on all possible species) and the factor of 2
accounts for electrons and positrons (�e± represents the steady state electron or positron
flux). EL = max(E�, Emin), Emin being the minimum energy cuto⇥.

The main particle physics input is the di⇥erential cross-section d⇥i/dE� for bremsstrah-
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Figure 1: Upper bounds on the annihilation cross section versus DM
mass for annihilations into b. In dashed line, we show bounds ob-
tained by FERMI-LAT from the analysis on dwarf satellite galax-
ies [5]. Radio constraints are less competitive with respect to
hadronic channels. Further details in Ref. [3].

For most of these scenarios, the radio emission coming
from WIMPs is as bright as the available radio surveys.
Thus, using the radio survey we set constraints for some
of the DM properties e.g. the annihilation cross section.

The bounds are then obtained by requiring that the
DM signal would not exceed the observed radio emission
by 3 standard deviations, i.e.

TDM(ν) ≤ Tobs(ν) + 3 σsurvey(ν) . (2)

The radio surveys and the DM emision skymap where pre-
viously divided into patches of ∼ 10◦ × 10◦ and then com-
pared. We did not include any astrophysical radio sources
meaning that our bounds are conservative.

This procedure mainly constrains the annihilation cross
section for a specific annihilation channel. In Figs. 1, 2 and
3, we present some representative results of the analysis
carried in Ref. [3]. All of these show upper bounds on the
annihilation cross section for different annihilation chan-
nels versus the WIMP mass. In Fig. 1, we analyze the case
of annihilation into b quarks. We note that our bounds
are less restrictive than those obtained in the gamma ray
analysis of dwarf satellite galaxies [5]. This is mainly due
to annihilations into quarks produce much more gamma
rays because of large π0 production and subsequent decay.
Similar situation happens in Fig. 2 when we compare our
results with previous works on constraints from antipro-
ton/proton observation [6].
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Figure 2: Upper bounds on the annihilation cross section versus DM
mass for annihilations into W . Blueish dashed line are the bounds
from FERMI-LAT analysis, also we show the bounds from antipro-
ton/proton analysis [6]. Further details in Ref. [3].

The opposite occurs when we compare the muon chan-
nel, Fig. 3. In this case, radio bounds are more competitive
than those from [5] because muonic annihilation chan-
nel (and in general any leptonic channel) produce larger
amount of electrons and positrons.

For the b and muon channels, the bounds reach the
thermal cross section value at low WIMP masses. This
method constrains particle physics models with predicted
annihilation channels and cross section higher than our
bounds.

Our analysis shows the complementarity between radio
and gamma rays observations for the study of galactic DM.
In principle, a combined analysis in this direction would
improve DM indirect searches.

3. Conclusions

Synchrotron emission from galactic WIMP annihila-
tions presents an interesting and alternative observable
to study the WIMP properties. This method is specially
efficient for constraining annihilation into leptons. Our
bounds are quite competitive with respect to similar anal-
ysis and reach the value of WIMP thermal cross section
for WIMP masses lower than 15 GeV.
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Figure 3: Upper bounds on the annihilation cross section versus DM
mass for annihilations into muons. Radio constraints extracted from
leptonic channel are in better situation than constraints obtained by
FERMI-LAT. Further details in Ref. [3].
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in particular, radio observations of the closest big galaxy
M31. Relativistic leptons produced by DM annihilation
in its halo emit synchrotron radiation on radio frequen-
cies due to Andromeda’s magnetic field. Given the size
of the galaxy and its DM halo, the strength of its mag-
netic field and its close distance, large radio fluxes from
DM annihilation may be expected from M31. There-
fore M31’s radio properties may be exploited in order
to put strong upper limits on the annihilation cross sec-
tion. Surprisingly, almost no attempts in this direction
have been made in the past: in the literature only few
articles can be found dedicated to indirect searches in
M31. The most remarkable among them is [4]. These
authors obtained some constraints on WIMP parameter
space by Cherenkov ground based gamma observations.
However, those observations did not have enough sen-
sitivity to probe the relevant region of DM parameters,
and since then no significant progress has been made on
this object.

We computed the expected radio flux due to DM anni-
hilation (section II), and then compared it with available
data of radio observations of M31, which allowed us to
put upper limits on the annihilation cross section (section
III). For comparison with real observations we chose all
appropriate radio surveys, which cover a wide range of
frequencies: VLSS (74 MHz), WENSS (325 MHz), NVSS
(1400 MHz) and GB6 (4850 MHz). The limits obtained
can be considered as conservative because we did not
make any specific assumptions about the radio emission
other than the one from DM in the center of M31, and
allowed for an unconstrained contribution from all other
unknown backgrounds.

We calculated the constraints for two annihilation
channels, specifically the ones annihilating into bb̄ and
τ+τ− pairs. We chose these channels among all possibil-
ities because, as explained e.g. in [5], bb̄ and τ+τ− nearly
present the channels with the softest and hardest lepton
yields respectively. Any other case would therefore pro-
duce radio fluxes at intermediate levels with respect to
these two. In this sense, these can be considered as the
two limiting cases.

In our analysis we considered only the central part of
M31, and specifically the bulge area of circular shape
with the angular radius α ≈ 5′ around galactic center (see
fig. 1). We chose this specific region of interest (ROI)
as a target of indirect searches because of the following
considerations: i) the radio quietness of the M31 nucleus,
which indicates low contamination in the radio band by
other standard astrophysical processes; ii) the absence of
any projected point source inside it; iii) sufficient halo
size to produce a relevant signal. More details about the
ROI choice will be explained below.

Through our paper we adopted the Hubble constant
value H0 = 71 km/(s·Mpc), which was taken from the
WMAP7 data at http://lambda.gsfc.nasa.gov/.

This paper is organized as follows: section II describes

computation of the expected radio emission properties
due to WIMP annihilation in M31, in section III we de-

Figure 1. Optical image of M31 with the marked region of
interest (ROI), selected for our purposes. Circle radius is 5′.

rived the actual constraints by comparison of the pre-
dicted fluxes with observational data, and section IV
summarizes the results of our work.

II. COMPUTING THE RADIO FLUX

A. General theory

In this section we presented the procedure for the com-
putation of the radio flux density from the center of M31.
We neglected here the potential absorption of radio emis-
sion between the source and the observer, since our es-
timates showed that it occurs at a negligible level (see
appendix A). In the case of an optically transparent emit-
ting medium, the total flux density from our ROI in M31
can be obtained just by integrating the local medium
emissivity j(ν,$r) over the volume of halo contained in
our ROI:

S =

∫

j(ν,$r)dV

4πd2
, (1)

where d = 785±25 kpc is the distance between us and the
Andromeda center ([6]), $r is the position vector inside the
M31 halo originating in the M31 center. We disregarded
here all (small) redshift effects. Then as a next step we
needed to compute the local emission coefficient at an
arbitrary position in M31 halo j(ν,$r). The synchrotron
emissivity of leptons produced by WIMP annihilation has
the form:
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Figure 10. All the computed constraints: the WIMP annihilation cross section values above the contours are excluded at 99.7%
confedence level. Constraints from different surveys are marked by different colors and thicknesses, which are explained on one
of the plots and same for all other plots. Standard thermal relic value 〈σv〉 = 3 · 10−26 cm3/s is also shown by the red dashed
line. Corresponding halo model and annihilation channel are commented on each plot. No emission sources besides DM are
assumed. Magnetic field has the most probable distribution with B(0, 0) = 50 µG. For more details see subsection IIIA.

(22) gives us the final probability density distribution
for annihilation cross section combined from all four ob-
servations with possible unknown backgrounds included.
From this distribution we easily constructed the final
exclusion contours. We presented them for the case of
99.73% confidence level on fig. 11-12, where the allowed
area is below the exclusion contours for the correspond-
ing models.

We included in our final results possible uncertainties
in the magnetic field distribution discussed in subsection
II C. As we outlined there, this distribution is uncertain
in two aspects - its vertical scale height z′0 and the cen-
tral field strength B(0, 0). As for the z′0, our trial runs
showed that z′0 variation over all possible values is able to
change the final exclusion values of 〈σv〉 by no more than
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Figure 1: Upper bounds on the annihilation cross section versus DM
mass for annihilations into b. In dashed line, we show bounds ob-
tained by FERMI-LAT from the analysis on dwarf satellite galax-
ies [5]. Radio constraints are less competitive with respect to
hadronic channels. Further details in Ref. [3].

For most of these scenarios, the radio emission coming
from WIMPs is as bright as the available radio surveys.
Thus, using the radio survey we set constraints for some
of the DM properties e.g. the annihilation cross section.

The bounds are then obtained by requiring that the
DM signal would not exceed the observed radio emission
by 3 standard deviations, i.e.

TDM(ν) ≤ Tobs(ν) + 3 σsurvey(ν) . (2)

The radio surveys and the DM emision skymap where pre-
viously divided into patches of ∼ 10◦ × 10◦ and then com-
pared. We did not include any astrophysical radio sources
meaning that our bounds are conservative.

This procedure mainly constrains the annihilation cross
section for a specific annihilation channel. In Figs. 1, 2 and
3, we present some representative results of the analysis
carried in Ref. [3]. All of these show upper bounds on the
annihilation cross section for different annihilation chan-
nels versus the WIMP mass. In Fig. 1, we analyze the case
of annihilation into b quarks. We note that our bounds
are less restrictive than those obtained in the gamma ray
analysis of dwarf satellite galaxies [5]. This is mainly due
to annihilations into quarks produce much more gamma
rays because of large π0 production and subsequent decay.
Similar situation happens in Fig. 2 when we compare our
results with previous works on constraints from antipro-
ton/proton observation [6].

 10−26

 10−25

 10−24

 10−23

 10−22

102 103

A
n
n
ih

il
at

io
n
 c

ro
ss

 s
ec

ti
on

 [
cm

3 /s
]

MDM [GeV]

W channel
MIN 
MED 
MAX 

 10−26

 10−25

 10−24

 10−23

 10−22

102 103

A
n
n
ih

il
at

io
n
 c

ro
ss

 s
ec

ti
on

 [
cm

3 /s
]

MDM [GeV]

W channel

FERMI−LAT
Pbar analysis

Figure 2: Upper bounds on the annihilation cross section versus DM
mass for annihilations into W . Blueish dashed line are the bounds
from FERMI-LAT analysis, also we show the bounds from antipro-
ton/proton analysis [6]. Further details in Ref. [3].

The opposite occurs when we compare the muon chan-
nel, Fig. 3. In this case, radio bounds are more competitive
than those from [5] because muonic annihilation chan-
nel (and in general any leptonic channel) produce larger
amount of electrons and positrons.

For the b and muon channels, the bounds reach the
thermal cross section value at low WIMP masses. This
method constrains particle physics models with predicted
annihilation channels and cross section higher than our
bounds.

Our analysis shows the complementarity between radio
and gamma rays observations for the study of galactic DM.
In principle, a combined analysis in this direction would
improve DM indirect searches.

3. Conclusions

Synchrotron emission from galactic WIMP annihila-
tions presents an interesting and alternative observable
to study the WIMP properties. This method is specially
efficient for constraining annihilation into leptons. Our
bounds are quite competitive with respect to similar anal-
ysis and reach the value of WIMP thermal cross section
for WIMP masses lower than 15 GeV.
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in particular, radio observations of the closest big galaxy
M31. Relativistic leptons produced by DM annihilation
in its halo emit synchrotron radiation on radio frequen-
cies due to Andromeda’s magnetic field. Given the size
of the galaxy and its DM halo, the strength of its mag-
netic field and its close distance, large radio fluxes from
DM annihilation may be expected from M31. There-
fore M31’s radio properties may be exploited in order
to put strong upper limits on the annihilation cross sec-
tion. Surprisingly, almost no attempts in this direction
have been made in the past: in the literature only few
articles can be found dedicated to indirect searches in
M31. The most remarkable among them is [4]. These
authors obtained some constraints on WIMP parameter
space by Cherenkov ground based gamma observations.
However, those observations did not have enough sen-
sitivity to probe the relevant region of DM parameters,
and since then no significant progress has been made on
this object.

We computed the expected radio flux due to DM anni-
hilation (section II), and then compared it with available
data of radio observations of M31, which allowed us to
put upper limits on the annihilation cross section (section
III). For comparison with real observations we chose all
appropriate radio surveys, which cover a wide range of
frequencies: VLSS (74 MHz), WENSS (325 MHz), NVSS
(1400 MHz) and GB6 (4850 MHz). The limits obtained
can be considered as conservative because we did not
make any specific assumptions about the radio emission
other than the one from DM in the center of M31, and
allowed for an unconstrained contribution from all other
unknown backgrounds.

We calculated the constraints for two annihilation
channels, specifically the ones annihilating into bb̄ and
τ+τ− pairs. We chose these channels among all possibil-
ities because, as explained e.g. in [5], bb̄ and τ+τ− nearly
present the channels with the softest and hardest lepton
yields respectively. Any other case would therefore pro-
duce radio fluxes at intermediate levels with respect to
these two. In this sense, these can be considered as the
two limiting cases.

In our analysis we considered only the central part of
M31, and specifically the bulge area of circular shape
with the angular radius α ≈ 5′ around galactic center (see
fig. 1). We chose this specific region of interest (ROI)
as a target of indirect searches because of the following
considerations: i) the radio quietness of the M31 nucleus,
which indicates low contamination in the radio band by
other standard astrophysical processes; ii) the absence of
any projected point source inside it; iii) sufficient halo
size to produce a relevant signal. More details about the
ROI choice will be explained below.

Through our paper we adopted the Hubble constant
value H0 = 71 km/(s·Mpc), which was taken from the
WMAP7 data at http://lambda.gsfc.nasa.gov/.

This paper is organized as follows: section II describes

computation of the expected radio emission properties
due to WIMP annihilation in M31, in section III we de-

Figure 1. Optical image of M31 with the marked region of
interest (ROI), selected for our purposes. Circle radius is 5′.

rived the actual constraints by comparison of the pre-
dicted fluxes with observational data, and section IV
summarizes the results of our work.

II. COMPUTING THE RADIO FLUX

A. General theory

In this section we presented the procedure for the com-
putation of the radio flux density from the center of M31.
We neglected here the potential absorption of radio emis-
sion between the source and the observer, since our es-
timates showed that it occurs at a negligible level (see
appendix A). In the case of an optically transparent emit-
ting medium, the total flux density from our ROI in M31
can be obtained just by integrating the local medium
emissivity j(ν,$r) over the volume of halo contained in
our ROI:

S =

∫

j(ν,$r)dV

4πd2
, (1)

where d = 785±25 kpc is the distance between us and the
Andromeda center ([6]), $r is the position vector inside the
M31 halo originating in the M31 center. We disregarded
here all (small) redshift effects. Then as a next step we
needed to compute the local emission coefficient at an
arbitrary position in M31 halo j(ν,$r). The synchrotron
emissivity of leptons produced by WIMP annihilation has
the form:
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Figure 10. All the computed constraints: the WIMP annihilation cross section values above the contours are excluded at 99.7%
confedence level. Constraints from different surveys are marked by different colors and thicknesses, which are explained on one
of the plots and same for all other plots. Standard thermal relic value 〈σv〉 = 3 · 10−26 cm3/s is also shown by the red dashed
line. Corresponding halo model and annihilation channel are commented on each plot. No emission sources besides DM are
assumed. Magnetic field has the most probable distribution with B(0, 0) = 50 µG. For more details see subsection IIIA.

(22) gives us the final probability density distribution
for annihilation cross section combined from all four ob-
servations with possible unknown backgrounds included.
From this distribution we easily constructed the final
exclusion contours. We presented them for the case of
99.73% confidence level on fig. 11-12, where the allowed
area is below the exclusion contours for the correspond-
ing models.

We included in our final results possible uncertainties
in the magnetic field distribution discussed in subsection
II C. As we outlined there, this distribution is uncertain
in two aspects - its vertical scale height z′0 and the cen-
tral field strength B(0, 0). As for the z′0, our trial runs
showed that z′0 variation over all possible values is able to
change the final exclusion values of 〈σv〉 by no more than

We can in the first step look at 
effective couplings
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Figure 1: Upper bounds on the annihilation cross section versus DM
mass for annihilations into b. In dashed line, we show bounds ob-
tained by FERMI-LAT from the analysis on dwarf satellite galax-
ies [5]. Radio constraints are less competitive with respect to
hadronic channels. Further details in Ref. [3].

For most of these scenarios, the radio emission coming
from WIMPs is as bright as the available radio surveys.
Thus, using the radio survey we set constraints for some
of the DM properties e.g. the annihilation cross section.

The bounds are then obtained by requiring that the
DM signal would not exceed the observed radio emission
by 3 standard deviations, i.e.

TDM(ν) ≤ Tobs(ν) + 3 σsurvey(ν) . (2)

The radio surveys and the DM emision skymap where pre-
viously divided into patches of ∼ 10◦ × 10◦ and then com-
pared. We did not include any astrophysical radio sources
meaning that our bounds are conservative.

This procedure mainly constrains the annihilation cross
section for a specific annihilation channel. In Figs. 1, 2 and
3, we present some representative results of the analysis
carried in Ref. [3]. All of these show upper bounds on the
annihilation cross section for different annihilation chan-
nels versus the WIMP mass. In Fig. 1, we analyze the case
of annihilation into b quarks. We note that our bounds
are less restrictive than those obtained in the gamma ray
analysis of dwarf satellite galaxies [5]. This is mainly due
to annihilations into quarks produce much more gamma
rays because of large π0 production and subsequent decay.
Similar situation happens in Fig. 2 when we compare our
results with previous works on constraints from antipro-
ton/proton observation [6].
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Figure 2: Upper bounds on the annihilation cross section versus DM
mass for annihilations into W . Blueish dashed line are the bounds
from FERMI-LAT analysis, also we show the bounds from antipro-
ton/proton analysis [6]. Further details in Ref. [3].

The opposite occurs when we compare the muon chan-
nel, Fig. 3. In this case, radio bounds are more competitive
than those from [5] because muonic annihilation chan-
nel (and in general any leptonic channel) produce larger
amount of electrons and positrons.

For the b and muon channels, the bounds reach the
thermal cross section value at low WIMP masses. This
method constrains particle physics models with predicted
annihilation channels and cross section higher than our
bounds.

Our analysis shows the complementarity between radio
and gamma rays observations for the study of galactic DM.
In principle, a combined analysis in this direction would
improve DM indirect searches.

3. Conclusions

Synchrotron emission from galactic WIMP annihila-
tions presents an interesting and alternative observable
to study the WIMP properties. This method is specially
efficient for constraining annihilation into leptons. Our
bounds are quite competitive with respect to similar anal-
ysis and reach the value of WIMP thermal cross section
for WIMP masses lower than 15 GeV.

2

 10−28

 10−27

 10−26

 10−25

 10−24

 10−23

 10−22

100 101 102 103

A
n
n
ih

il
at

io
n
 c

ro
ss

 s
ec

ti
on

 [
cm

3 /s
]

MDM [GeV]

µ channelMIN 
MED 
MAX 

 10−28

 10−27

 10−26

 10−25

 10−24

 10−23

 10−22

100 101 102 103

A
n
n
ih

il
at

io
n
 c

ro
ss

 s
ec

ti
on

 [
cm

3 /s
]

MDM [GeV]

µ channel

FERMI−LAT

Figure 3: Upper bounds on the annihilation cross section versus DM
mass for annihilations into muons. Radio constraints extracted from
leptonic channel are in better situation than constraints obtained by
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in particular, radio observations of the closest big galaxy
M31. Relativistic leptons produced by DM annihilation
in its halo emit synchrotron radiation on radio frequen-
cies due to Andromeda’s magnetic field. Given the size
of the galaxy and its DM halo, the strength of its mag-
netic field and its close distance, large radio fluxes from
DM annihilation may be expected from M31. There-
fore M31’s radio properties may be exploited in order
to put strong upper limits on the annihilation cross sec-
tion. Surprisingly, almost no attempts in this direction
have been made in the past: in the literature only few
articles can be found dedicated to indirect searches in
M31. The most remarkable among them is [4]. These
authors obtained some constraints on WIMP parameter
space by Cherenkov ground based gamma observations.
However, those observations did not have enough sen-
sitivity to probe the relevant region of DM parameters,
and since then no significant progress has been made on
this object.

We computed the expected radio flux due to DM anni-
hilation (section II), and then compared it with available
data of radio observations of M31, which allowed us to
put upper limits on the annihilation cross section (section
III). For comparison with real observations we chose all
appropriate radio surveys, which cover a wide range of
frequencies: VLSS (74 MHz), WENSS (325 MHz), NVSS
(1400 MHz) and GB6 (4850 MHz). The limits obtained
can be considered as conservative because we did not
make any specific assumptions about the radio emission
other than the one from DM in the center of M31, and
allowed for an unconstrained contribution from all other
unknown backgrounds.

We calculated the constraints for two annihilation
channels, specifically the ones annihilating into bb̄ and
τ+τ− pairs. We chose these channels among all possibil-
ities because, as explained e.g. in [5], bb̄ and τ+τ− nearly
present the channels with the softest and hardest lepton
yields respectively. Any other case would therefore pro-
duce radio fluxes at intermediate levels with respect to
these two. In this sense, these can be considered as the
two limiting cases.

In our analysis we considered only the central part of
M31, and specifically the bulge area of circular shape
with the angular radius α ≈ 5′ around galactic center (see
fig. 1). We chose this specific region of interest (ROI)
as a target of indirect searches because of the following
considerations: i) the radio quietness of the M31 nucleus,
which indicates low contamination in the radio band by
other standard astrophysical processes; ii) the absence of
any projected point source inside it; iii) sufficient halo
size to produce a relevant signal. More details about the
ROI choice will be explained below.

Through our paper we adopted the Hubble constant
value H0 = 71 km/(s·Mpc), which was taken from the
WMAP7 data at http://lambda.gsfc.nasa.gov/.

This paper is organized as follows: section II describes

computation of the expected radio emission properties
due to WIMP annihilation in M31, in section III we de-

Figure 1. Optical image of M31 with the marked region of
interest (ROI), selected for our purposes. Circle radius is 5′.

rived the actual constraints by comparison of the pre-
dicted fluxes with observational data, and section IV
summarizes the results of our work.

II. COMPUTING THE RADIO FLUX

A. General theory

In this section we presented the procedure for the com-
putation of the radio flux density from the center of M31.
We neglected here the potential absorption of radio emis-
sion between the source and the observer, since our es-
timates showed that it occurs at a negligible level (see
appendix A). In the case of an optically transparent emit-
ting medium, the total flux density from our ROI in M31
can be obtained just by integrating the local medium
emissivity j(ν,$r) over the volume of halo contained in
our ROI:

S =

∫

j(ν,$r)dV

4πd2
, (1)

where d = 785±25 kpc is the distance between us and the
Andromeda center ([6]), $r is the position vector inside the
M31 halo originating in the M31 center. We disregarded
here all (small) redshift effects. Then as a next step we
needed to compute the local emission coefficient at an
arbitrary position in M31 halo j(ν,$r). The synchrotron
emissivity of leptons produced by WIMP annihilation has
the form:

Synchrotron M31
Egorov, Pierpaoli
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Figure 10. All the computed constraints: the WIMP annihilation cross section values above the contours are excluded at 99.7%
confedence level. Constraints from different surveys are marked by different colors and thicknesses, which are explained on one
of the plots and same for all other plots. Standard thermal relic value 〈σv〉 = 3 · 10−26 cm3/s is also shown by the red dashed
line. Corresponding halo model and annihilation channel are commented on each plot. No emission sources besides DM are
assumed. Magnetic field has the most probable distribution with B(0, 0) = 50 µG. For more details see subsection IIIA.

(22) gives us the final probability density distribution
for annihilation cross section combined from all four ob-
servations with possible unknown backgrounds included.
From this distribution we easily constructed the final
exclusion contours. We presented them for the case of
99.73% confidence level on fig. 11-12, where the allowed
area is below the exclusion contours for the correspond-
ing models.

We included in our final results possible uncertainties
in the magnetic field distribution discussed in subsection
II C. As we outlined there, this distribution is uncertain
in two aspects - its vertical scale height z′0 and the cen-
tral field strength B(0, 0). As for the z′0, our trial runs
showed that z′0 variation over all possible values is able to
change the final exclusion values of 〈σv〉 by no more than
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FIG. 3: Limits at 90% CL in M⇥ (left) and in the spin-independent WIMP-nucleon cross section (right) for di�erent facilities
using the D5 operator as a function of m�.

fixing the relationship between gZ0 and MZ0 . Figure 10 shows the expected limits on the Z ⇥ model at a facility with⇤
s = 14 TeV and L = 300 fb�1, in terms of the cross section �(pp � Z ⇥ � ⇥⇥̄j for ⇥ET > 550 GeV and in terms of

gZ0 . The g⇥ expected limits can be compared to the curve with gZ0 = MZ0
M⇤

; the cross-section limits can be compared

to the predicted cross section assuming gZ0 = MZ0
M⇤

.
Similar results for other facilities are shown in Figures 11, 12, and 13.
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Synchrotron emission and DM :
Z’ case
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Prospective - Conclusion

Synchrotron radiation interesting detecting mode

Promising next years...

A lot of extensions to the classical thermal history of the Universe

Heavy states (> TRH) as natural as WIMP scenario



Observation of a line : Galactic Center



Observation of a line : Galactic Center

[Bringmann, Huang, Ibarra, Vogl, Weniger, 
1203.1312]
Weniger, 1204.2797]

Table 1. Identified signal regions in the Galaxy, number of photons in the two energy intervals and
the statistical significance of excess in those regions. The radii of regions are all 3� (except for Weniger
Reg3).

Region l (deg) b (deg) N� (20–300) GeV N� (120–140 GeV) significance

Weniger Reg3 – – 3298 65 3.6�
Central �1 �0.7 818 27 4.5�
West �10 0 726 21 3.2�
East 17 �3 481 14 2.7�
North �7 16.5 109 4 1.6�
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Figure 3. Best fits to high-energy gamma-ray data for the Central (left panel) and West (right panel)
signal regions presented in table 1, together with 95% CL error band as functions of photon energy.
Background fitted from data is also shown (black solid line), the power-law spectrum with power 2.6
is plotted for comparison (dotted line). The blue dashed lines show 95% CL limits for statistical
fluctuations of the background.

processes. If, however, the origin of the 130 GeV peak is DM annihilations, figure 2 shows
the distribution of the most dense DM sub-haloes in the central region of our Galaxy. Notice
that the dark centre of the Galaxy does not exactly coincide with the galactic coordinate
origin.

The fits to high-energy gamma-ray data originating from the Central and West signal
regions are plotted in the left and right panels of figure 3, respectively, using the same notation
as in figure 1. The Central region exhibits an excess with statistical significance of 4.5�. This
is much higher statistical significance than can be expected from just assuming that the peak
is due to statistical fluctuation of the background. Also the fit to West region shows a clear
peak at 130 GeV with statistical significance of 3.2�. We have also fitted the signal from
other bright regions in figure 2 that all show an excess peaked at the same photon energy,
E� = 130 GeV. Those are listed in table 1.

Based on the model independent results presented in figures 1–3 and in table 1, we
conclude that, whatever is the physics origin of the excess, its significance is high, it has a
clear peak shape, and it comes from several regions around the Galactic centre.
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Other parts of the sky?
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One line or 2 lines?

FERMI resolution ΔE/E = 10% not sufficient to 
distinguish 1 or 2 lines.

(Oda, 1207.1537)
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Table 1. Identified signal regions in the Galaxy, number of photons in the two energy intervals and
the statistical significance of excess in those regions. The radii of regions are all 3� (except for Weniger
Reg3).

Region l (deg) b (deg) N� (20–300) GeV N� (120–140 GeV) significance

Weniger Reg3 – – 3298 65 3.6�
Central �1 �0.7 818 27 4.5�
West �10 0 726 21 3.2�
East 17 �3 481 14 2.7�
North �7 16.5 109 4 1.6�

E
2
Φ

  
[G

e
V

 c
m

-2
s-1

sr
-1

]

E [GeV]

130 GeV peak significance:  4.5σ

Central region (l=-1.0, b=-0.7): r=3deg

10-5

10-4

20 130 200 100

E
2
Φ

  
[G

e
V

 c
m

-2
s-1

sr
-1

]

E [GeV]

130 GeV peak significance:  3.2σ

l=-10, b=0: r=3deg

10-5

10-4

20 130 200 100

Figure 3. Best fits to high-energy gamma-ray data for the Central (left panel) and West (right panel)
signal regions presented in table 1, together with 95% CL error band as functions of photon energy.
Background fitted from data is also shown (black solid line), the power-law spectrum with power 2.6
is plotted for comparison (dotted line). The blue dashed lines show 95% CL limits for statistical
fluctuations of the background.

processes. If, however, the origin of the 130 GeV peak is DM annihilations, figure 2 shows
the distribution of the most dense DM sub-haloes in the central region of our Galaxy. Notice
that the dark centre of the Galaxy does not exactly coincide with the galactic coordinate
origin.

The fits to high-energy gamma-ray data originating from the Central and West signal
regions are plotted in the left and right panels of figure 3, respectively, using the same notation
as in figure 1. The Central region exhibits an excess with statistical significance of 4.5�. This
is much higher statistical significance than can be expected from just assuming that the peak
is due to statistical fluctuation of the background. Also the fit to West region shows a clear
peak at 130 GeV with statistical significance of 3.2�. We have also fitted the signal from
other bright regions in figure 2 that all show an excess peaked at the same photon energy,
E� = 130 GeV. Those are listed in table 1.

Based on the model independent results presented in figures 1–3 and in table 1, we
conclude that, whatever is the physics origin of the excess, its significance is high, it has a
clear peak shape, and it comes from several regions around the Galactic centre.
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Other lines in the sky?

Earth Limb + sun still in question. Efficiency of FERMI 
around 135 GeV?

Earth limb Finkbeiner, Su , Weniger 
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Several models appeared quickly in the market
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Seto : «A Dirac right-handed sneutrino dark matter and its signature in the gamma-ray lines», 1205.3276; Kyae, Park, «130 GeV Gamma-Ray Line from Dark 
Matter decay», 1205.4151; Min Lee, Park, Park : «Fermi Gamma-Ray Line at 130 GeV from Axion-Mediated Dark Matter», 1205.4675; Ajaraman, Tait, 
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Mitropoulos : «A 130 GeV photon line from dark matter annihilation in the NMSSM», 1206.2639;  Kang, Li, Li, Liu : «Brightening the (130 GeV) Gamma-Ray 
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«UV Completion of Magnetic Inelastic Dark Matter and RayDM for the Fermi Line(s)», 1209.1093; Mambrini : «Don’t tell me you are really reading all these 
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A monochromatic smoking gun signal
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Other approaches motivating CS-like couplings
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Prospective - Conclusion

Supersymmetry? Extra forces? Sterile neutrino?

Monochromatic line still to be tested

Promising next years...

A lot of extensions to the classical thermal history of the Universe

Heavy states (> TRH) as natural as WIMP scenario


