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DM detection

production at colliders

direct detection

indirect from annihil in galactic halo or center
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ν, ν̄ from annihil in massive bodies

D̄ from annihil in galactic halo or center
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PAMELA, ATIC, Fermi
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Icecube, Km3Net

 from annihil in galactic center or halo
 and from synchrotron emission

Fermi, HESS, radio telescopes
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h 2L

diffusion energy loss convective wind source spallations

Salati, Chardonnay, Barrau, 
Donato, Taillet, Fornengo, 
Maurin, Brun... ‘90s, ‘00s

spectrum
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What sets the overall expected flux?

Indirect Detection
    and      from  DM annihilations in halop̄ e+

astro&
cosmo

particle reference cross section:
σv = 3 · 10−26cm3/sec



DM halo profiles
From N-body numerical simulations:

cuspy: NFW, Moore
mild: Einasto
smooth: isothermal

ρ!
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/cm
3

r!

At small r: ρ(r) ∝ 1/rγ

Halo model α β γ rs in kpc
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Indirect Detection
Boost Factor: local clumps in the DM halo enhance the density, 
boost the flux from annihilations. Typically: 
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For illustration:
B ! 1→ 20

But: recent simulations 
seem to show almost
no clumps 
in inner 10 kpc 
(tidal stripping). 
[Millenium Simulation, Carlos Frenk]
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Computing the theory 
predictions
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Spectra at production

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

(−)

D . . .

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

(−)

D . . .

primary 
channels

final 
products

de
ca

y
So what are the 
particle physics 
parameters?

1. Dark Matter mass 
2. primary channel(s)

DM

DM



Comparing with data
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Data sets
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 - steep      excess 
above 10 GeV!

- very large flux!

e+

background ?

[backgnd]

(9430 e+ collected)
(errors statistical only, 

that’s why larger at high energy)

e+

e+ + e−
positron fraction:
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Data sets
Antiprotons from PAMELA:

 - consistent with 
the background ! ! !
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Data sets
Electrons + positrons adding FERMI and HESS:

 - no                 excess e+ + e−

background ?

[formerly predicted GLAST sensitivity]

 - spectrum               .∼ E−3.04
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 - a (smooth) cutoff?               .
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Are these signals of Dark Matter?
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Are these signals of Dark Matter?

YES:

NO:

few TeV, leptophilic DM 
with huge 

a formidable ‘background’ for future searches

〈σv〉 ≈ 10−23 cm3/sec

〈σv〉 ≈ 10−24 cm3

sec

1 TeV, DM DM→ µ+µ−

Einasto, MAX
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Astrophysical explanation?
Or perhaps it’s just a young, nearby pulsar...

e±
e−

γ

!B

τ ∼ 0→ 105 yr

Atoyan, Aharonian, Volk (1995)

Must be young (T < 105 yr) and nearby (< 1 kpc); 
if not: too much diffusion, low energy, too low flux.

Predicted flux:                                           with              andΦe± ≈ E−p exp(E/Ec) p ≈ 2
Ec ∼ many TeV

A.Boulares, APJ 342 (1989)

Not a  
new 
idea:

(1.4 < p < 2.4, Profumo 2008)

‘Mechanism’: the spinning      of the pulsar strips      that 
emit      that make production of        pairs that are trap-
ped in the cloud, further accelerated and later released 
at                            (typical total energy output: 1046 erg). 
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Geminga pulsar
(funny that it means: 
“it is not there” in milanese)
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Geminga pulsar
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Astrophysical explanation?

Geminga pulsar

Figure 7: The positron fraction corresponding to the same models used to draw Fig. 6 is compared with
several experimental data sets. The line styles are coherent with those in that figure. Solar modulation
is are accounted as done in

in the early Universe via an ordinary freeze-out process involving the same an-
nihilation processes that dark matter would undergo in today’s cold universe, the
annihilation rate in the Galaxy would be roughly two orders of magnitude too small
to explain the anomalous e± with dark matter annihilation; while this mismatch
makes the dark matter origin somewhat less appealing, relaxing one or more of the
assumptions on dark matter production and/or on the pair annihilation processes
in the early Universe versus today can explain the larger needed annihilation rate;
similarly, a highly clumpy Galactic dark matter density profile, or the presence of
a nearby concentrated clump, can also provide sufficient enhancements to the rate
of dark matter annihilation

Notwithstanding the above caveats, the focus of the present study is to assess the impact
of the new Fermi-LAT data on a dark matter interpretation of the excess high-energy
e±.

We assume for the dark matter density profile ρDM an analytic and spherically-
symmetric interpolation to the results of the high-resolution Via Lactea II N-body sim-
ulation (Diemand et al. 2008 [53]), namely:

ρDM(r) = ρ!

(

r

R!

)−1.24 (

R! + Rs

r + Rs

)1.76

, (3)

where ρ! = 0.37 GeV · cm−3 is the local density, R! = 8.5 kpc is the distance between
the Sun and the Galactic center and Rs = 28.1 kpc is a scale parameter. For simplicity,
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PAMELA + FERMI + HESS can be well fitted by pulsars:

Figure 6: In this figure we compare the electron plus positron spectrum from multiple pulsars plus the
Galactic (GCRE) component with experimental data (dotted line). We consider the contribution of all
nearby pulsars in the ATNF catalogue with d < 3 kpc with age 5 × 104 < T < 107 yr by randomly
varying Ecut, ηe± ∆t and Γ in the range of parameters given in the text. Each gray line represents the
sum of all pulsars for a particular combination of those parameters. The blue dot-dashed (pulsars only)
and blue solid lines (pulsars + GCRE component) correspond to a representative choice among that set
of possible realizations. The purple dot-dashed line represents the contribution of Monogem pulsar in
that particular case. Note that for graphical reasons here Fermi-LAT statistical and systematic errors
are added in quadrature. Solar modulation is accounted as done in previous figures.

• Astrophysical sources (including pulsars and supernova remnants) can account for
the observed spectral features, as well as for the positron ratio measurements
(sec. 3.1): no additional exotic source is thus required to fit the data, although
the normalization of the fluxes from such astrophysical objects remains a matter
of discussion, as emphasized above.

• Generically, dark matter annihilation produces antiprotons and protons in addi-
tion to e±. If the bulk of the observed excess high-energy e± originates from dark
matter annihilation, the antiproton-to-proton ratio measured by PAMELA (Adri-
ani et al. 2009 [55]) sets very stringent constraints on the dominant dark matter
annihilation modes, as first pointed out by Donato et al. 2009 [18] (see also Cirelli
et al. 2009 [19]). In particular, for ordinary particle dark matter models, such as
neutralino dark matter (Jungman 1996 [51]) or the lightest Kaluza-Klein particle of
Universal Extra-Dimensions (Hooper & Profumo 2007 [52]), the antiproton bound
rules out most of the parameter space where one could explain the anomalous
high-energy CRE data.

• Assuming particle dark matter is weakly interacting, and that it was produced
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Or perhaps it’s just a young, nearby pulsar...

Must be young (T < 105 yr) and nearby (< 1 kpc); 
if not: too much diffusion, low energy, too low flux.

‘Mechanism’: the spinning      of the pulsar strips      that 
emit      that make production of        pairs that are trap-
ped in the cloud, further accelerated and later released 
at                           .
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Ec ∼ many TeV
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e.g. Yuksel, Kistler, Stanev 0810.2784
Hall, Hooper 0811.3362

Astrophysical explanation?

Geminga pulsar

(look for anisotropies,
(both for single source and collection in disk) 
antiprotons, gammas... 

(Fermi is discovering a pulsar a week)

or shape of the spectrum...)
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Rule out one single bright source.
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DM detection

production at colliders

direct detection

indirect

 from annihil in galactic center or halo
 and from synchrotron emission

from annihil in galactic halo or center

γ

from annihil in galactic halo or center

e
+

p̄

ν, ν̄ from annihil in massive bodies

D̄ from annihil in galactic halo or center

Fermi, HESS, radio telescopes

PAMELA, ATIC, Fermi
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Indirect DetectionIndirect Detection

N
S

N
S

e±

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

e±

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

(energy in B ~ kinetic energy)

radio-waves from synchro radiation of         in GCe±c.



Indirect DetectionIndirect Detection
from Inverse Compton on         in haloe±

e±

γ

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

e±

d.
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Indirect DetectionIndirect Detection
from outside the Galaxy  γe.
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Indirect DetectionIndirect Detection
from outside the Galaxy  γ

- isotropic flux of prompt and ICS gamma rays, integrated over z and r
- depends strongly on halo formation details and history

redshift z

e.
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Figure 1: Gamma ray fluxes for a few sample DM candidates, compared to the Fermi datapoints
in the different observation regions that we consider. See text for details.

3 Results

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

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

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

3 Results

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

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

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

3 Results

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

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

The first two panels of Fig. 1 show the predicted signal in the ‘3◦×3◦’ and ‘5◦×30◦’ regions from
a DM candidate of mass 1.5 TeV, annihilating with 100% B.R. into µ+µ− with a cross section
of 3 10−23 cm3/sec, assuming an NFW or Einasto (i.e. those suggested by numerical N-body
simulations) respectively. It is evident that the predicted signal overshoots the data points, very
evidently in the first case but also significantly in the second case. These kind of DM candidates
are therefore clearly excluded by observations.
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Figure 2: The regions on the parameter space mχ–〈σv〉 that are excluded by the diffuse galactic
gamma ray measurements by the Fermi satellite. The first column of panels refers to DM annihila-
tions into e+e−, the second into µ+µ− and the third into τ+τ−; the three rows assume respectively
an NFW, an Einasto and a cored Isothermal profile. Each panel shows the exclusion contour due
to Fermi observations of the ‘3◦ × 3◦’ region (blue short dashed line), ‘5◦ × 30◦’ region (orange
dashed line), the ‘10◦ − 20◦ strip’ (red long dashed line) and the ‘Galactic Poles’ |b| > 60◦ region
(black long dashed line). We also report the regions that allow to fit the PAMELA positron data
(green and yellow bands, 95 % and 99.999 % C.L. regions) and the PAMELA positron + Fermi and
HESS data (red and orange blobs, 95% and 99.999% C.L. regions).
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Figure 2: The regions on the parameter space mχ–〈σv〉 that are excluded by the diffuse galactic
gamma ray measurements by the Fermi satellite. The first column of panels refers to DM annihila-
tions into e+e−, the second into µ+µ− and the third into τ+τ−; the three rows assume respectively
an NFW, an Einasto and a cored Isothermal profile. Each panel shows the exclusion contour due
to Fermi observations of the ‘3◦ × 3◦’ region (blue short dashed line), ‘5◦ × 30◦’ region (orange
dashed line), the ‘10◦ − 20◦ strip’ (red long dashed line) and the ‘Galactic Poles’ |b| > 60◦ region
(black long dashed line). We also report the regions that allow to fit the PAMELA positron data
(green and yellow bands, 95 % and 99.999 % C.L. regions) and the PAMELA positron + Fermi and
HESS data (red and orange blobs, 95% and 99.999% C.L. regions).
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Figure 2: The regions on the parameter space mχ–〈σv〉 that are excluded by the diffuse galactic
gamma ray measurements by the Fermi satellite. The first column of panels refers to DM annihila-
tions into e+e−, the second into µ+µ− and the third into τ+τ−; the three rows assume respectively
an NFW, an Einasto and a cored Isothermal profile. Each panel shows the exclusion contour due
to Fermi observations of the ‘3◦ × 3◦’ region (blue short dashed line), ‘5◦ × 30◦’ region (orange
dashed line), the ‘10◦ − 20◦ strip’ (red long dashed line) and the ‘Galactic Poles’ |b| > 60◦ region
(black long dashed line). We also report the regions that allow to fit the PAMELA positron data
(green and yellow bands, 95 % and 99.999 % C.L. regions) and the PAMELA positron + Fermi and
HESS data (red and orange blobs, 95% and 99.999% C.L. regions).
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Figure 5. Cross section 〈σv〉 limits on dark matter annihilation into bb̄ final states. The blue regions
mark the (90, 95, 99.999)% exclusion regions in the MSII-Sub1 ∆2(z) DM structure scenario (and
for the other structure scenarios only 95% upper limit lines). The absorption model in Gilmore et
al. [68] is used, and the relative effect if instead using the Stecker et al. [69] model is illustrated by the
upper branching of the dash-dotted line in the MSII-Res case. Our conservative limits are shown on
the left and the stringent limits on the right panel. The grey regions show a portions of the MSSM7
parameter space where the annihilation branching ratio into final states of bb̄ (or bb̄ like states) is
> 80%. See main text for more details.

particle propagation in the Galaxy. In the preparation of this paper, Fermi-LAT data was
used in [10, 11] to set cross section limits on Galactic DM induced gamma-rays. In these two
papers, their data analysis method is more similar to our conservative analysis approach, and
the presented limits are comparable to our conservative MSII-sub1 limits when their Galactic
DM halos are described by a smooth Einasto or NFW DM density profile. As mentioned, most
hadronic channels are very similar in their gamma-ray production. To within roughly a factor
of two (if final states are not very close to, or below, production thresholds) our cross section
limits are also valid for prompt annihilation into the standard model gauge bosons, other
quarks, as well as (for WIMP masses below about 100 GeV) into the leptonic τ+τ− channel.

Figure 6 shows the exclusion region for the leptonic DM model, together with the 2σ
best fit region for this model to the PAMELA and Fermi-LAT positron and electron data.
The sharp upper endings of the gray best fit regions come from the constrain to not overshoot
HESS data [104]. Both the best fit regions and the exclusion regions for all our discussed
DM scenarios are calculated in a self-consistent way, modulo minor corrections. Below a DM
mass of about 500GeV, the limits on these models are determined by the FSR signal at the
high-energy end of the DM spectra, see figure 4, and therefore depend more substantially
on the choice of the absorption model. We note here that this conclusion holds even if one
considers the constraints that the low energy COMPTEL [105] and EGRET [25, 26] data
would pose on the first (IC) peak in the spectra. The difference between the Stecker et
al. [69] and the Gilmore et al. [68] absorption model results in a difference in the FSR signal
calculated in the two cases by a factor ! 2, and affects our limits correspondingly.
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Table 4. Properties of the dark matter halos of dwarf spheroidals used in this study.

Name [〈R〉, 〈P〉]
[

〈R2〉 − 〈R〉2, 〈P2〉 − 〈P〉2, 〈RP〉 − 〈R〉〈P〉
]

JNFW

R ≡ log10(rs/kpc), P ≡ log10(ρs/M% kpc
−3) (1019 GeV2

cm5 )

Ursa Major II [−0.78, 8.54] [0.0417, 0.0986, −0.0554] 0.58+0.91
−0.35

Coma Berenices [−0.79, 8.41] [0.0603, 0.132, −0.0820] 0.16+0.22
−0.08

Bootes I [−0.57, 8.31] [0.0684, 0.165, −0.0931] 0.16+0.35
−0.13

Usra Minor [−0.19, 7.99] [0.0430, 0.116, −0.0697] 0.64+0.25
−0.18

Sculptor [−0.021, 7.57] [0.0357, 0.0798, −0.0528] 0.24+0.06
−0.06

Draco [0.32, 7.41] [0.0236, 0.0364, −0.0286] 1.20+0.31
−0.25

Sextans [−0.43, 7.93] [0.0302, 0.109, −0.0570] 0.06+0.03
−0.02

Fornax [−0.24, 7.82] [0.0474, 0.140, −0.0798] 0.06+0.03
−0.03

Note. — These parameters are obtained from measured stellar (line of sight) velocities. ρs and rs are

the density and scale radius for the dark matter halo distribution. The first column, [log10(ρs), log10(rs)],

is the average in the joint log10(rs) − log10(ρs) parameter space, whose posterior is well described by a

Gaussian distribution centered on the average value given. The second column gives the diagonal and

off diagonal components of the covariance matrix that may be used to approximate the joint probability

distribution of ρs and rs as a Gaussian in log10(rs) and log10(ρs). The last column provides JNFW (see

Eq. 4), which is proportional to the pair annihilation flux coming from a cone of solid angle 2.4 10−4 sr

centered on the dwarf. The errors on JNFW are obtained from the full MCMC probability distribution

and bracket the range which contains 68% of the total area under the probability distribution.
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Fig. 4.— Constraints on the annihilation cross-section for a µ+µ− final state based on the 95% confidence

limits on the γ-ray flux compared to dark matter annihilation models which fit well either the PAMELA

(Adriani et al. 2009) or Fermi e++e− measurements (Abdo et al. 2009). The left panel shows the constraints

considering γ-ray emission from final state radiation only. The right panel shows the constraints for the Ursa

Minor dwarf including both γ-ray emission from IC scattering and final state radiation. Here we consider

two different diffusion coefficients, and show the effect of the uncertainties in the Ursa Minor density profile.
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Figure 7: Best fit annihilating DM models (with Einasto density profile) for the isotropic diffuse
gamma-ray background (upper left panel). The solid and dashed lines represent the models without
and with the Galactic substructure, respectively. For the case with substructure we have assumed
ρeffsub = 10 × ρ!. The averaged spectra of the same models in several Galactic regions are also
shown: b > 60 (upper right panel), 20 < b < 60 (lower left panel), 10 < b < 20 (lower right panel).
NOTE: The fit is performed only for the isotropic diffuse component (upper left panel). For the
other regions the minimal requirement for acceptability is that models should not exceed the data
points.

are many possible sources like AGNs, emission from starburst galaxies, gamma-rays from

structure formation shocks etc that might contribute to the isotropic diffuse gamma-ray

background, it is not completely unrealistic that a large portion of this signal might be due

to DM. Under that brave assumption we have carried out a fitting procedure using both

annihilating and decaying DM models.

As expected, there are indeed regions in the parameter space which provide acceptable

fits. By looking at Fig. 1 it is clear that in order to obtain an acceptable fit for the an-

nihilating DM one has to keep the extragalactic component as small as possible, which is
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FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these
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FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these

13

1 10 100 1000
E e [G eV ]

0 .001

0.010

0.100

E
3
 d

N
/d

E
 [

G
e

V
2
/c

m
2
/s

/s
r]

e + +e - flux!AM S =  0 .42

N p =  1 .1 , N s =  0 .9

1 10 100
E e [G eV ]

0 .0001

0.0010

0.0100
E

3
 d

N
/d

E
 [

G
e

V
2
/c

m
2
/s

/s
r]

e + flux

!P AM
+    =  0 .20 , N s =  0 .9

0 .1 1 .0 10.0 100.0 1000.0
E e [G eV ]

0 .01

0.10

"
e

+
/(
"

e
+
+
"

e
- )

e + fraction

!P AM
+    =  0 .20 , !P AM

-    =  0 .29

-40 -30 -20 -10 0
b (degrees)

0

5

10

15

In
te

n
s

it
y

 [
1

0
-2

0
e

rg
/H

z
/s

/c
m

2
/s

r]

W M AP  synch 

23  G H z

# S  =  -0 .7

-40 -30 -20 -10 0
b (degrees)

0

5

10

15

In
te

n
s

it
y

 [
1

0
-2

0
e

rg
/H

z
/s

/c
m

2
/s

r]

W M AP  synch 

33  G H z

# S  =  -0 .5

-40 -30 -20 -10 0
b (degrees)

0

5

10

15

In
te

n
s

it
y

 [
1

0
-2

0
e

rg
/H

z
/s

/c
m

2
/s

r]

W M AP  synch 

23  G H z, high l

# S  =  -1 .1

-40 -30 -20 -10 0
b (degrees)

0

500

1000

1500

2000

In
te

n
s

it
y

 [
1

0
-2

0
e

rg
/H

z
/s

/c
m

2
/s

r]

H aslam 408 M H z
N h =  1 .3

0 .1 1 .0 10.0 100.0 1000.0
E $ [G eV ]

10 -5

10 -4

10 -3

10 -2

E
2
 d

N
/d

E
 [

M
e

V
/c

m
2
/s

r/
s

]

F ermi IC  +  brem
N IC =  1 .3

10 100 1000
Injection energy [G eV ]

-50

0

50

100

150

200

250

L
o

c
a

l 
in

je
c

ti
o

n
 [

1
0

-3
0
G

e
V

/c
m

3
/s

]

M  =  1000G eV , BF*fE =  70

%2 =138.5

FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these
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Figure 7: Best fit annihilating DM models (with Einasto density profile) for the isotropic diffuse
gamma-ray background (upper left panel). The solid and dashed lines represent the models without
and with the Galactic substructure, respectively. For the case with substructure we have assumed
ρeffsub = 10 × ρ!. The averaged spectra of the same models in several Galactic regions are also
shown: b > 60 (upper right panel), 20 < b < 60 (lower left panel), 10 < b < 20 (lower right panel).
NOTE: The fit is performed only for the isotropic diffuse component (upper left panel). For the
other regions the minimal requirement for acceptability is that models should not exceed the data
points.

are many possible sources like AGNs, emission from starburst galaxies, gamma-rays from

structure formation shocks etc that might contribute to the isotropic diffuse gamma-ray

background, it is not completely unrealistic that a large portion of this signal might be due

to DM. Under that brave assumption we have carried out a fitting procedure using both

annihilating and decaying DM models.

As expected, there are indeed regions in the parameter space which provide acceptable

fits. By looking at Fig. 1 it is clear that in order to obtain an acceptable fit for the an-

nihilating DM one has to keep the extragalactic component as small as possible, which is
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FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these

13

1 10 100 1000
E e [G eV ]

0 .001

0.010

0.100

E
3
 d

N
/d

E
 [

G
e

V
2
/c

m
2
/s

/s
r]

e + +e - flux!AM S =  0 .42

N p =  1 .1 , N s =  0 .9

1 10 100
E e [G eV ]

0 .0001

0.0010

0.0100

E
3
 d

N
/d

E
 [

G
e

V
2
/c

m
2
/s

/s
r]

e + flux

!P AM
+    =  0 .20 , N s =  0 .9

0 .1 1 .0 10.0 100.0 1000.0
E e [G eV ]

0 .01

0.10

"
e

+
/(
"

e
+
+
"

e
- )

e + fraction

!P AM
+    =  0 .20 , !P AM

-    =  0 .29

-40 -30 -20 -10 0
b (degrees)

0

5

10

15

In
te

n
s

it
y

 [
1

0
-2

0
e

rg
/H

z
/s

/c
m

2
/s

r]

W M AP  synch 

23  G H z

# S  =  -0 .7

-40 -30 -20 -10 0
b (degrees)

0

5

10

15

In
te

n
s

it
y

 [
1

0
-2

0
e

rg
/H

z
/s

/c
m

2
/s

r]

W M AP  synch 

33  G H z

# S  =  -0 .5

-40 -30 -20 -10 0
b (degrees)

0

5

10

15

In
te

n
s

it
y

 [
1

0
-2

0
e

rg
/H

z
/s

/c
m

2
/s

r]

W M AP  synch 

23  G H z, high l

# S  =  -1 .1

-40 -30 -20 -10 0
b (degrees)

0

500

1000

1500

2000

In
te

n
s

it
y

 [
1

0
-2

0
e

rg
/H

z
/s

/c
m

2
/s

r]

H aslam 408 M H z
N h =  1 .3

0 .1 1 .0 10.0 100.0 1000.0
E $ [G eV ]

10 -5

10 -4

10 -3

10 -2

E
2
 d

N
/d

E
 [

M
e

V
/c

m
2
/s

r/
s

]

F ermi IC  +  brem
N IC =  1 .3

10 100 1000
Injection energy [G eV ]

-50

0

50

100

150

200

250

L
o

c
a

l 
in

je
c

ti
o

n
 [

1
0

-3
0
G

e
V

/c
m

3
/s

]

M  =  1000G eV , BF*fE =  70

%2 =138.5

FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these

13

1 10 100 1000
E e [G eV ]

0 .001

0.010

0.100

E
3
 d

N
/d

E
 [

G
e

V
2
/c

m
2
/s

/s
r]

e + +e - flux!AM S =  0 .42

N p =  1 .1 , N s =  0 .9

1 10 100
E e [G eV ]

0 .0001

0.0010

0.0100
E

3
 d

N
/d

E
 [

G
e

V
2
/c

m
2
/s

/s
r]

e + flux

!P AM
+    =  0 .20 , N s =  0 .9

0 .1 1 .0 10.0 100.0 1000.0
E e [G eV ]

0 .01

0.10

"
e

+
/(
"

e
+
+
"

e
- )

e + fraction

!P AM
+    =  0 .20 , !P AM

-    =  0 .29

-40 -30 -20 -10 0
b (degrees)

0

5

10

15

In
te

n
s

it
y

 [
1

0
-2

0
e

rg
/H

z
/s

/c
m

2
/s

r]

W M AP  synch 

23  G H z

# S  =  -0 .7

-40 -30 -20 -10 0
b (degrees)

0

5

10

15

In
te

n
s

it
y

 [
1

0
-2

0
e

rg
/H

z
/s

/c
m

2
/s

r]

W M AP  synch 

33  G H z

# S  =  -0 .5

-40 -30 -20 -10 0
b (degrees)

0

5

10

15

In
te

n
s

it
y

 [
1

0
-2

0
e

rg
/H

z
/s

/c
m

2
/s

r]

W M AP  synch 

23  G H z, high l

# S  =  -1 .1

-40 -30 -20 -10 0
b (degrees)

0

500

1000

1500

2000

In
te

n
s

it
y

 [
1

0
-2

0
e

rg
/H

z
/s

/c
m

2
/s

r]

H aslam 408 M H z
N h =  1 .3

0 .1 1 .0 10.0 100.0 1000.0
E $ [G eV ]

10 -5

10 -4

10 -3

10 -2

E
2
 d

N
/d

E
 [

M
e

V
/c

m
2
/s

r/
s

]

F ermi IC  +  brem
N IC =  1 .3

10 100 1000
Injection energy [G eV ]

-50

0

50

100

150

200

250

L
o

c
a

l 
in

je
c

ti
o

n
 [

1
0

-3
0
G

e
V

/c
m

3
/s

]

M  =  1000G eV , BF*fE =  70

%2 =138.5

FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these
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Cosmology: 
bounds from reionization

DM particle
annihilations
produce
free electrons

H

ICS 

γ

hydrogen and helium gas is assumed to be ionized below redshift 6, and helium is also doubly
ionized below redshift z = 3. Recalling that helium constitutes about 24% in mass [39] of the
baryonic content of the universe (so that the number of helium atoms nHe = 0.06 nb, while for
hydrogen nH = 0.76 nb), one can simply express τ in terms of the number density of atoms
today nA = (0.76 + 0.06) nb = 0.82 ρcΩb/mp ! 1.92 · 10−7cm−3 as

τ = nA σT

[
−0.88

0.82

∫ 3

0

dz
dt

dz
(1 + z)3 −

∫ 6

3

dz
dt

dz
(1 + z)3

]

︸ ︷︷ ︸
0.038

+ nA σT

[
−

∫ ∞

6

dz
dt

dz
(1 + z)3xion(z)

]

︸ ︷︷ ︸
δτ

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

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

nA(1 + z)3dxion(z)

dt
= I(z)−R(z), (6)

or, equivalently, in terms of redshift

−nAH0

√
ΩM(1 + z)11/2dxion(z)

dz
= I(z)−R(z). (7)

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

RH(z) = κH nH ne− = κH
0.76

0.82

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

)2
(8)

where κH ! 3.75 · 10−13
(
Tigm(z)/eV

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

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

RHe(z) = κHe
0.06

0.82

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

)2
(9)

with κHe ! 3.925 · 10−13
(
Tigm(z)/eV

)0.635
cm3/sec [40].

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

I(z) =

∫ mχ

ei

dEγ
dn

dEγ
(z) · P (Eγ, z) · Nion(Eγ) (10)

where dn
dEγ

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

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

5

since the first terms represent the number of target atoms that can be ionized and σtot is total
cross section for all the interactions suffered by the DM-sourced photon and that result in the
production of free electrons. It contains several contributions (we follow e.g. the discussion
in [37]): the cross section for atomic photo-ionization γA→ e−A+ [41] (dominant up to about
1 MeV), the Klein-Nishina cross section for Compton scattering γe− → γe− [42] (dominant to
about 1 GeV) and the cross section for pair production on matter γA→ 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 γ γCMB → 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 γ γCMB → γ γ, as they do not result in free electrons but just redistribute the
photon energies.

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

Nion(Eγ) = ηion(xion(z)) Eγ

[
nH

nA

1

ei,H
+

nHe

nA

1

ei,He

]
= ηion(xion(z))

Eγ

GeV
µ (12)

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 ηion 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]:

ηion

(
xion(z)

)
=

1− xion(z)

3
. (13)

The spectral number density of DM-produced photons dn
dEγ

(z) present at redshift z is ob-
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It encodes therefore the information about the density of annihilating DM particles and in
particular the halo formation history, that we discuss in the next subsection.

As we already anticipated, beside producing ionization, DM annihilations have also the
effect of heating the gas. The other important quantity that we need to compute, therefore, is
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equation [12]

dTigm(z)

dz
=

2 Tigm(z)

1 + z

− 1

H0

√
ΩM (1 + z)5/2

(
xion(z)

1 + xion(z) + 0.073

TCMB(z)− Tigm(z)

tc(z)
+

2 ηheat(xion(z)) E(z)

3 nA(1 + z)3

)
.

(16)

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

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

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

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

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

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

ηheat

(
xion(z)

)
= C

[
1− (1− xa

ion)
b
]

(17)

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

E(z) =

∫ mχ

0

dEγ
dn

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

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

2.1 Structure Formation theory

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

Asm(z) =
〈σv〉
2 m2

χ

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

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

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

A(z) =
〈σv〉
2 m2

χ

ρ2
DM,0(1 + z)6 (1 + Bi(z)) , (27)

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

DM(z) = ρDM,0 (1 + z)3
√

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

3 Discussion

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

3.1 Structure formation parameters

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

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

Astruct(z) =
〈σv〉
2 m2

χ

∫
dM

dn

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

∫
dr 4πr2 ρ2

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

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

dn

dM
(M, z) =

√
π

2

ρM

M
δc (1 + z)

dσ(R)

dM

1

σ2(R)
exp

(
−δ2

c (1 + z)2

2σ2(R)

)
(21)

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

M(z) =
4

3
πr3

s ∆vir(z) ΩM ρ(z) c3
vir(M, z). (22)

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

MDM(z) =

(
ΩDM

ΩM

)
M(z) = 4πr3

s ρs(M(z))

∫ cvir(M,z)

0

x2 fi(x) dx. (23)

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

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

∆vir(z) =

(
18π2 + 82(ΩM(z)− 1)− 39(ΩM(z)− 1)2

ΩM(z)

)
, (24)

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

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

∫ cvir(M,z)

0 x2 fi(x)2 dx
(∫ cvir(M,z)

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

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

Bi(z) =
∆vir(z)

3 ρcΩM

∫ ∞

Mmin

dM M
dn

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

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

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

−
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F
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Here we have defined
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F
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dχ(e)
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+

dN (γ)
F

dE

dχ(γ)
i,h (E, z′, z)

dz

]

, (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)

strongly excluded by current constraints, the differences in
the spectra due to differing fðzÞ profiles are small.

A. Models fitting cosmic-ray excesses

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

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

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

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

B. Implications for Sommerfeld-enhanced
DM annihilation

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

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

#v ¼ ðv=cÞ
$

; #! ¼ m!

$MDM
; (5)

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

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

the Sommerfeld enhancement saturates at S# 1
#!

[24]. The

second effect is that for specific values of #!, resonances
occur where the enhancement scales as #1=#2v instead of

Ruled out by WMAP5

Planck
forecast CVL
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 1 XDM µ+µ- 2500 GeV, BF = 2300
 2 µ+µ- 1500 GeV, BF = 1100
 3 XDM µ+µ- 2500 GeV, BF = 1000
 4 XDM e+e- 1000 GeV, BF = 300
 5 XDM 4:4:1 1000 GeV, BF = 420
 6 e+e- 700 GeV, BF = 220
 7 µ+µ- 1500 GeV, BF = 560
 8 XDM 1:1:2 1500 GeV, BF = 400
 9 XDM µ+µ- 400 GeV, BF = 110
10 µ+µ- 250 GeV, BF = 81
11 W+W- 200 GeV, BF = 66
12 XDM e+e- 150 GeV, BF = 16
13 e+e- 100 GeV, BF = 10

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

CMB CONSTRAINTS ON WIMP ANNIHILATION: ENERGY . . . PHYSICAL REVIEW D 80, 043526 (2009)
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χχ̄→ e+e−

(indicatively) PAMELA
+FERMI+HESS



Conclusions
2008-’10 has been crazy in the field of DM indirect detection.



Conclusions
2008-’10 has been crazy in the field of DM indirect detection.
Status:



Conclusions
2008-’10 has been crazy in the field of DM indirect detection.
Status:

ν

e+/e−

p̄

d̄
γ

PAMELA, FERMI, HESS

PAMELA

FERMI, HESS
GAPS?, AMS?

SK, ICECUBE

(ATIC, PPB-BETS)



Conclusions
2008-’10 has been crazy in the field of DM indirect detection.
Status:

ν

e+/e−

p̄

d̄
γ

PAMELA, FERMI, HESS

PAMELA

FERMI, HESS
GAPS?, AMS?

SK, ICECUBE

(ATIC, PPB-BETS)
something seen

nothing strange

wait
plenty of data

data



Conclusions
2008-’10 has been crazy in the field of DM indirect detection.
Status:

ν

e+/e−

p̄

d̄
γ

PAMELA, FERMI, HESS

PAMELA

FERMI, HESS
GAPS?, AMS?

SK, ICECUBE

(ATIC, PPB-BETS)
something seen

nothing strange

wait
plenty of data

data

Is it DM?

leptophilic

severe constraints

not yet competitive,
but stay tuned

What has the crazyness left?

heavy (few TeV)



Conclusions
2008-’10 has been crazy in the field of DM indirect detection.
Status:

ν

e+/e−

p̄

d̄
γ

PAMELA, FERMI, HESS

PAMELA

FERMI, HESS
GAPS?, AMS?

SK, ICECUBE

(ATIC, PPB-BETS)
something seen

nothing strange

wait
plenty of data

data

Is it DM?

leptophilic

severe constraints

not yet competitive,
but stay tuned

What has the crazyness left?
Hints.
And open-mindedness.

heavy (few TeV)



Conclusions
2008-’10 has been crazy in the field of DM indirect detection.
Status:

ν

e+/e−

p̄

d̄
γ

PAMELA, FERMI, HESS

PAMELA

FERMI, HESS
GAPS?, AMS?

SK, ICECUBE

(ATIC, PPB-BETS)
something seen

nothing strange

wait
plenty of data

data

Is it DM?

leptophilic

severe constraints

not yet competitive,
but stay tuned

What has the crazyness left?
Hints.
And open-mindedness.

heavy (few TeV)



Conclusions
2008-’10 has been crazy in the field of DM indirect detection.
Status:

ν

e+/e−

p̄

d̄
γ

PAMELA, FERMI, HESS

PAMELA

FERMI, HESS
GAPS?, AMS?

SK, ICECUBE

(ATIC, PPB-BETS)
something seen

nothing strange

wait
plenty of data

data

Is it DM?

leptophilic

severe constraints

not yet competitive,
but stay tuned

What has the crazyness left?
Hints.
And open-mindedness.

heavy (few TeV)

you can ask me 
about model building 

directions...



Conclusions
2008-’10 has been crazy in the field of DM indirect detection.
Status:

ν

e+/e−

p̄

d̄
γ

PAMELA, FERMI, HESS

PAMELA

FERMI, HESS
GAPS?, AMS?

SK, ICECUBE

(ATIC, PPB-BETS)
something seen

nothing strange

wait
plenty of data

data

Is it DM?

leptophilic

severe constraints

not yet competitive,
but stay tuned

What has the crazyness left?
Hints.
And open-mindedness.

Did we find DM in CR???

heavy (few TeV)

you can ask me 
about model building 

directions...



Conclusions
2008-’10 has been crazy in the field of DM indirect detection.
Status:
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τDM ! 3 · 1027sec
(

1 TeV
MDM

)5 (
MGUT

2 · 1016 GeV

)4

Decaying DM
DM need not be absolutely stable, 
just                                                  .τDM ! τuniverse ! 4.3 1017sec

Motivations from theory?
- dim 6 suppressed operator in GUT

- or in TechniColor

Arvanitaki, Dimopoulos et al., 2008+09

Nardi, Sannino, Strumia 2008

The current CR anomalies can be due to decay with:

- gravitino in SuSy with broken R-parity...

τdecay ≈ 1026sec
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FIG. 10: Same as Fig. 1, but for the decay channels φDM → "+"−. Upper panels: φDM → e+e−

with MDM = 2000GeV (solid) and 300GeV (dotted). Middle panels: φDM → µ+µ− with MDM =

2500GeV (solid) and 600GeV (dotted). Lower panels: φDM → τ+τ− with MDM = 5000GeV

(solid) and 2000GeV (dotted).

with present measurements of the antiproton flux and the diffuse extragalactic gamma-ray

flux. The most promising decay channels for a fermionic or a scalar dark matter particle are

listed in Tab. II, where we also show the approximate mass and lifetime which provide the

best fit to the data. It should be borne in mind that the astrophysical uncertainties in the

propagation of cosmic rays and in the determination of the background fluxes of electrons

and positrons are still large. Besides, the existence of a possibly large primary component

of electrons/positrons from astrophysical sources, such as pulsars, cannot be precluded.

21

FIG. 5: Same as Fig. 1, but for the decay channels ψDM → "±"∓ν. Upper panels: ψDM → e−e+ν

with MDM = 2000GeV (solid) and 400GeV (dotted). Middle panels: ψDM → µ−µ+ν with MDM =

3500GeV (solid) and 1000GeV (dotted). Lower panels: ψDM → τ−τ+ν with MDM = 5000GeV

(solid) and 2500GeV (dotted).

In some decaying dark matter scenarios, the dark matter particles decay into charged

leptons of different flavors and not exclusively in just one channel. As an illustration of the

predictions of this class of scenarios, we show in Fig. 4 the positron fraction and the total

electron plus positron flux for a dark matter particle that decays democratically into the three

flavors, for MDM = 2000 GeV (solid) and 300 GeV (dotted). Although these scenarios could

explain the PAMELA excess, the predicted spectral shape of the total flux is not consistent

with the Fermi data: either the energy spectrum falls off at too low energies or it presents

16

Decaying DM
Which DM spectra can fit the data?
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E.g. a fermionic                             with                             : MDM = 3.5 TeV

E.g. a scalar                           with                            : 

DM→ µ+µ−ν

DM→ µ+µ− MDM = 2.5 TeV
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data.
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The “Theory of DM”
Arkani-Hamed, Weiner, Finkbeiner et al. 0810.0713

0811.3641

Basic ingredients:
Dark Matter particle, decoupled from SM, mass             
new gauge boson (“Dark photon”), 

couples only to DM, with typical gauge strength, 
- mediates Sommerfeld enhancement of         annihilation:

        fulfilled

- decays only into            or              
for kinematical limit

χ
φ

χχ̄

e+e− µ+µ−

M ∼ 700+ GeV

mφ ∼ few GeV

αM/mV ! 1
χ

χ̄

γ, Zφ

φ γ, Z

e+

e−

µ−

µ+
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Extras:
χ       is a multiplet of states and        is non-abelian gauge boson:

    splitting                                (via loops of non-abelian bosons)
- inelastic scattering explains DAMA
- eXcited state decay                     explains INTEGRAL

φ
δM ∼ 200 KeV

χχ→ χχ∗

↪→ e+e−



The “Theory of DM”
Phenomenology:

MDM

bo
os

t

Mardon, Nomura, Stolarski, 
Thaler 0901.2926

Meade, Papucci, Volanski
0901.2925



Variations
(selected)

Axion Portal:       is pseudoscalar axion-like
Nomura, Thaler 0810.5397

φ

pioneering: Secluded DM, U(1) Stückelberg extension of SM
Pospelov, Ritz et al 0711.4866 P.Nath et al 0810.5762

singlet-extended UED:      is KK RNnu,      is an extra bulk singlet
Bai, Han 0811.0387

χ φ

DM carrying lepton number:      charged under                    ,      gauge bosonU(1)Lµ−Lτ
χ φ

Cirelli, Kadastik, Raidal, Strumia 0809.2409 Fox, Poppitz 0811.0399 (mφ ∼ tens GeV)

split UED:     annihilates only to leptons because quarks are on another braneχ
Park, Shu 0901.0720

New Heavy Lepton:     annihilates into       that carries lepton number and 
decays weakly

χ Ξ

Phalen, Pierce, Weiner 0901.3165

(∼ TeV) (∼ 100s GeV)

......
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- new forces (that Sommerfeld enhance)
- leptophilic because: - kinematics (light mediator)

                  - DM carries lepton #
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The cosmic inventory
Most of the Universe is Dark
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- CMB - DM
- acoustic peak in baryons

ΩDM ∼ 0.23

Ωde ∼ 0.72

72%

1%
4%

23%
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; CMB first peak⇒ Ωtot = 1 (flat); HST h = 0.71± 0.07

)
what’s the difference 
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How do we know that 
Dark Matter is out there?
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1) galaxy rotation curves

2) clusters of galaxies
- “rotation curves”
- gravitation lensing

“bullet cluster” - NASA 
astro-ph/0608247

ΩM ! 0.1

ΩM ∼ 0.2 ÷ 0.4

[further developments]
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3) CMB+LSS(+SNIa:) 

M.Cirelli and A.Strumia, astro-ph/0607086
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Andrey Kravtsov, cosmicweb.uchicago.edu

DM N-body simulations
2 106 CDM particles, 43 Mpc cubic box 
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DM N-body simulations

Springel, Frenk, White, Nature 440 (2006)

SDSS: 106 galaxies,
2 billion lyr

2dF: 2.2 105 galaxies

Millennium: 
1010 particles,
500 h-1 Mpc

[back]
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The Evidence for DM

How would the power spectra be without DM? (and no other extra ingredient) 2

FIG. 1: Power spectrum of matter fluctuations in a the-
ory without dark matter as compared to observations of the
galaxy power spectrum. The observed spectrum [14] does
not have the pronounced wiggles predicted by a baryon-only
model, but it also has significantly higher power than does
the model. In fact ∆2, which is a dimensionless measure of
the clumping, never rises above one in a baryon-only model,
so we would not expect to see any large structures (clusters,
galaxies, people, etc.) in the universe in such a model.

small. The first failure has been exploited by many au-
thors to prove the existence of non-baryonic dark mat-
ter [16, 17], the statistical significance for which now
exceeds 5-sigma. The second failure is often ignored be-
cause analysts typically marginalize over the amplitude
of the power spectrum on the grounds that the power
spectrum of galaxies is likely to differ by an overall nor-
malization factor (the bias) from the power spectrum of
matter. But a baryon-only model fails miserably at get-
ting anywhere near the amplitude required to generate
galaxies and galaxy clusters even with an absurd amount
of bias. So if we really want to do away with dark matter,
we need to find a mechanism of growing perturbations
faster than in standard general relativity. This is pre-
cisely what Skordis et al. [15, 18] seemed to have found
in their treatment of perturbations around a smooth cos-
mological solution in TeVeS. Here we aim to move beyond
their numerical treatment to isolate what is causing en-
hanced growth. Our motivation goes beyond TeVeS, as
the exact Lagrangian in [13] will almost certainly need to
be altered even if the general idea turns out to be correct.
Indeed, as shown in Fig 1, even if structure grows faster
than in the standard theory, the shape of the baryon-
only spectrum does not match the observations. Rather,
we want to understand generally how to modify gravity
such that it solves not only the galactic rotation curve
problem but also the cosmological structure problem.

Cosmology in TeVeS. Ordinary matter couples to the
gravitational metric gµν in the standard way in the TeVeS
model. The metric which couples to matter, though, does
not appear in the standard way in the Einstein-Hilbert
action. Rather, it is useful to define a new tensor g̃µν

which is a functional of gµν and a scalar field φ and a
vector field Aµ. Specifically,

gµν ≡ e−2φ (g̃µν + AµAν) − e2φAµAν (1)

defines g̃µν . The action of g̃µν is the standard Einstein-
Hilbert action. The scalar and vector fields have dynam-
ics given, respectively, by the actions Ss and Sv:

Ss =
−1

16πG

∫

d4x(−g̃)1/2 [µ (g̃µν
− AµAν) φ,µφν + V ]

Sv =
−1

32πG

∫

d4x(−g̃)1/2
[

KFαβFαβ − 2λ
(

A2 + 1
)]

(2)

where µ is an additional non-dynamical scalar field,
Fµν ≡ Aµ,ν − Aν,µ, and indices are raised and lowered
with the metric g̃µν . The potential V (µ) is chosen to
give the correct non-relativistic MONDian limit. We will
consider the form proposed by Bekenstein [13]:

V =
3µ2

0

128π $2
B

[

µ̂(4 + 2µ̂ − 4µ̂ + µ̂3) + 2 ln (µ̂ − 1)2
]

(3)
with µ̂ ≡ µ/µ0. There are three free parameters that
appear in the TeVeS action: µ0, $B and KB. The pa-
rameter λ in the vector field action is completely fixed
by variation of the action.

Armed with this action, we can solve [13, 15] for
the evolution of the scale factor a of a homogeneous
Friedman-Robertson-Walker (FRW) metric. This evo-
lution turns out to be very similar to the standard case,
with several small deviations. First, Newton’s constant
gets generalized to Ge−4φ/(1+dφ/d ln(a))2. Second, the
Friedman equation governing the evolution of a has, in
addition to the standard source terms of the matter and
radiation energy densities, the energy density of φ:

ρφ =
e2φ

16πG
(µV ′ + V ) . (4)

FIG. 2: Evolution of homogeneous TeVeS fields. Dashed line
shows logarithmic approximation for φ valid in the regime
when µ is constant. In that regime, ρφ scales as the ambient
density, with the ratio equal to (6µ0)

−1 in the matter era.
Early on, ρφ/ρtotal = −φ = 15/(4µ).

The TeVeS modifications to the standard cosmology
then depend on the evolution of the scalar field φ. Dur-
ing the radiation dominated era, ρφ is much smaller than
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3) CMB+LSS(+SNIa:) 

ΩM ≈ 0.26 ± 0.05
M.Cirelli and A.Strumia, astro-ph/0607086
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What do we know of the 
particle physics properties of 

Dark Matter?
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What are the 
theoretical  ‘beliefs’?



A thermal relic 
from the Early Universe
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Caveat: this is only 

one of the possibilit
ies!



Indirect Detection

AMS-01
Caprice

BESS
Caprice

Solar wind Modulation of cosmic rays:

spectrum 
at Earth

dΦp̄⊕
dT⊕

=
p2
⊕

p2

dΦp̄

dT
, T = T⊕ + |Ze|φF

spectrum 
far from Earth

Fisk 
potential φF ! 500 MV

PAMELA

(11 yr)



PAMELA

Indirect Detection

AMS-01
Caprice

BESS
Caprice

Solar polarity Modulation of cosmic rays:

+ solar 
polarity

- solar 
polarity

(11 yr)

solar magnetic polarity reverses at (the max of) each cycle;
during ‘- polarity’ state, positive particles are more deflected away

+ = rotation parallel 
to magnetic field;
- = antiparallel
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