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Zusammenfassung

Die Natur der dunklen Materie ist eines der wichtigsten Probleme sowohl
der Elementarteilchen- als auch der Astrophysik. Sollte dunkle Materie
zerfallen oder annihilieren, könnten diese Prozesse in der Astrophysik
gemessene diffuse Strahlungshintergründe verändern. In dieser Arbeit
stellen wir eine neue, allgemeinere Methode vor, um Schranken für be-
liebige Modelle dunkler Materie zu berechnen. Für zerfallenden dunkle
Materie können Schranken für Masse und Lebensdauer berechnet in-
dem das Zerfallsspektrum eines gegebenen Modells mit einer response
Funktion gefaltet wird. Wir leiten die response Funktion aus Himmels-
durchmusterungen im Radiobereich, aus Gammastrahlungs-Messungen
des Fermi-LAT Satelliten und aus den vom PAMELA Satellitenexperi-
ment gemessenen Positron Flüssen ab und wenden sie auf einige spezielle
Modelle dunkler Materie an. Außerdem betrachten wir den Einfluss as-
trophysikalischer Unsicherheiten auf die response Funktion, insbesondere
Unsicherheiten der Propagations-Modelle und der räumlichen Verteilung
der dunkler Materie.

Desweiteren analysieren wir die Anisotropie der im Radio- und Gamma-
Strahlungsbereich gemessenen Himmelskarten im Hinblick auf mögliche
Signaturen annihilierender dunkler Materie. Dazu berechnen wir winke-
labhängige Leistungsspektren der von Annihilation dunkler Materie in
Elektron-Positron Paare erzeugten Synchrotronstrahlung. Wir vergle-
ichen diese Leistungsspektren mit der Anisotropie astrophysikalischer
und kosmologischer Radio-Hintergründe von normalen und Radio-Galaxien
und von Akkretions-Schocks in Galaxienhaufen, sowie mit der Anisotropie
des kosmischen Mikrowellenhintergrundes und des galaktischen Vorder-
grunds. Zusätzlich haben wir ein numerisches Programmpaket entwick-
elt, um die Gammastrahlungs-Emission dieser im galaktischen Halo und
in sub-Halos der dunklen Materie mit Masse bis hinab zu 10−6M⊙ dif-
fundierenden Elektronen und Positronen zu berechnen. Wir zeigen daß
im Gegensatz zum von Fermi-LAT beobachteten winkelabhängigen Leis-
tungsspektrum das von der inversen Compton-Streuung verursachte Leis-
tungsspektrum unterhalb einer von der Diffusionslänge der Elektronen
und Positronen bestimmten Skala exponentiell unterdrückt ist.



Abstract

The nature of dark matter is one of the key outstanding problems in both
particle and astrophysics. If dark matter decays or annihilates into elec-
trons and positrons, it can affect diffuse radiation backgrounds observed
in astrophysics. In this thesis, we propose a new, more general analysis of
constraints on dark matter models. For any decaying dark matter model,
constraints on mass and lifetime can be obtained by folding the specific
dark matter decay spectrum with a response function. We derive these
response functions from full-sky radio surveys and Fermi-LAT gamma-
ray observations as well as from the local positron fluxes mesured by the
PAMELA satellite experiment and apply them to place constraints on
some specific dark matter decay models. We also discuss the influence
of astrophysical uncertainties on the response function, such as the un-
certainties from propagation models and from the spatial distribution of
the dark matter.

Moreover, an anisotropy analysis of full-sky emission gamma-ray and
radio maps is performed to identify possible signatures of annihilating
dark matter. We calculate angular power spectra of the cosmologi-
cal background of synchrotron emission from dark matter annihilations
into electron positron pairs. We compare the power spectra with the
anisotropy of astrophysical and cosmological radio backgrounds, from
normal galaxies, radio-galaxies, galaxy cluster accretion shocks, the cos-
mic microwave background and Galactic foregrounds. In addition, we
develop a numerical tool to compute gamma-ray emission from such
electrons and positrons diffusing in the smooth host halo and in sub-
structure halos with masses down to 10−6M⊙. We show that, unlike the
total gamma-ray angular power spectrum observed by Fermi-LAT, the
angular power spectrum from the inverse Compton scattering is expo-
nentially suppressed below an angular scale determined by the diffusion
length of electrons and positrons.



To my parents ...



ii



Contents

List of Figures v

List of Tables xiii

1 Introduction 1

2 Properties of Dark Matter 3
2.1 Standard Cosmology . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Gravitational Evidence of Dark Matter . . . . . . . . . . . . . . . . . 4
2.3 Profile and Distribution . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.3.1 Power Spectrum and Halo Mass Function . . . . . . . . . . . . 10
2.4 Galactic Substructure Halos . . . . . . . . . . . . . . . . . . . . . . . 12
2.5 Models for Particle Dark Matter . . . . . . . . . . . . . . . . . . . . . 14

3 Astronomical Observations 17
3.1 Radio Astronomy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.2 Gamma-ray Astronomy . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2.1 Fermi-LAT measurements . . . . . . . . . . . . . . . . . . . . 24
3.3 Antimatter Signals . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

4 Cosmic Ray Propagation 29
4.1 Relevant Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.1.1 Boundary Conditions . . . . . . . . . . . . . . . . . . . . . . . 31
4.1.2 Magnetic Field and Photon Energy Density . . . . . . . . . . 33
4.1.3 Gas Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.2 Numerical Solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.3 Analytical Solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.3.1 Green’s Function Scheme . . . . . . . . . . . . . . . . . . . . . 37
4.3.2 Bessel-Fourier Scheme . . . . . . . . . . . . . . . . . . . . . . 37

5 Dark Matter Signatures in Radiation and Cosmic-Ray Fluxes 39
5.1 Estimation of Dark Matter Signals . . . . . . . . . . . . . . . . . . . 39
5.2 Building Response Function . . . . . . . . . . . . . . . . . . . . . . . 43
5.3 Response Function for Radio Signals . . . . . . . . . . . . . . . . . . 44

iii



CONTENTS

5.3.1 Radio Emission from Dark Matter Electrons . . . . . . . . . . 46
5.3.2 Response Functions . . . . . . . . . . . . . . . . . . . . . . . . 46

5.4 Response Function for Positron Fluxes . . . . . . . . . . . . . . . . . 51
5.5 Response Function for Gamma-rays . . . . . . . . . . . . . . . . . . . 53

5.5.1 Gamma-rays from ICS, Bremsstrahlung and Prompt Radiation 54
5.5.2 Response Functions from ICS gamma-rays . . . . . . . . . . . 57

5.6 Constraints on Dark Matter Models . . . . . . . . . . . . . . . . . . . 64
5.6.1 Constraints from Radio and Positron Signals . . . . . . . . . . 64
5.6.2 Constraints from Gamma-ray Signals . . . . . . . . . . . . . . 66

6 Anisotropy Signatures from Dark Matter Annihilation 71
6.1 Radio Signatures from Extragalactic Annihilation . . . . . . . . . . . 71

6.1.1 Formalism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
6.1.2 Extragalactic Dark Matter Annihilation . . . . . . . . . . . . 73
6.1.3 Astrophysical Sources . . . . . . . . . . . . . . . . . . . . . . . 78
6.1.4 Different Contributions to the Diffuse Radio Emission . . . . . 78
6.1.5 Extragalactic Anisotropy Signatures . . . . . . . . . . . . . . . 80
6.1.6 Dark Matter Constraints . . . . . . . . . . . . . . . . . . . . . 88

6.2 ICS Gamma-ray Signatures from Galactic Annihilation . . . . . . . . 90
6.2.1 Formalism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
6.2.2 Numerical Scheme . . . . . . . . . . . . . . . . . . . . . . . . 93
6.2.3 Diffuse Gamma-ray Emission . . . . . . . . . . . . . . . . . . 95
6.2.4 Galactic Anisotropy Signatures . . . . . . . . . . . . . . . . . 98
6.2.5 Comparison with Fermi-LAT observations . . . . . . . . . . . 101

7 Summary and Outlook 103

A Fourier Transforms 107

B Radio Foregrounds 109

Bibliography 111

iv



List of Figures

2.1 Rotation curve of NGC 3198 from Ref. [35]. The lines show an ex-
ample of the ordinary contribution ’disk’ and the dark matter contri-
bution ’halo’. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 The observation of merging Bullet cluster (named after the shape
to the right) from Ref. [36]. The contours show the distribution of
gravitating mass as inferred from weak gravitational lensing. The
observation of hot x-ray emitting gas which traces the distribution
of intercluster medium is shown in red and the blue hues show the
distribution of dark matter in the cluster. . . . . . . . . . . . . . . . . 6

2.3 Combined constraints on cosmological densities ΩΛ and Ωm, using
supernovae, CMB and cluster abundance data. The flat Universe
(k = 0) is shown with solid line (from Ref. [39]). . . . . . . . . . . . . 7

2.4 A zoom into one of earth mass dark halos in the Universe at redshift
z ≈ 26 (from Ref. [58]). The colours show the density of dark matter. 12

2.5 Dark matter substructures in our Galactic halo. Shown are projected
dark matter density-square map of Via Lactea II ( see details in
Ref. [68]) with a mass resolution of 4100M⊙. . . . . . . . . . . . . . . 13

2.6 The dependence of relic density and thermal freeze-out tempera-
ture on cross-section from Ref. [2]. When annihilation rate becomes
smaller than the expansion rate, the WIMPs fall out of chemical
equilibrium. This is known as freeze out. After that, their comoving
density is essentially constant. Larger cross-sections result in lower
relic densities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.1 Electromagnetic waves of different wavelengths have different abil-
ity to penetrate the atmosphere [90]. The atmosphere is essentially
transparent for optical waves and a portion of radio waves with wave-
lengths less than a few meters. . . . . . . . . . . . . . . . . . . . . . . 18

3.2 The comparison of the extragalactic radiation backgrounds [91], con-
sisting of the combined flux of all extragalactic sources. . . . . . . . . 19

v



LIST OF FIGURES

3.3 Frequency dependence and approximate relative strength of the CMB
and Galactic three known sources of foreground emission: synchrotron,
free-free, and thermal dust emission from Ref. [94]. The composite
galactic emission for two sky cuts, retaining 77% and 85% of the sky
respectively, are shown as dashed lines and the five WMAP radiome-
ter bands are indicated in background. . . . . . . . . . . . . . . . . . 20

3.4 The First Fermi-LAT catalog (1FGL) containing 1451 sources [120]. . 26

3.5 EGB intensity derived from the Fermi-LAT [119] compared with EGRET-
derived intensities [117, 118] . . . . . . . . . . . . . . . . . . . . . . . 26

3.6 PAMELA positron fraction with other experimental data from Ref. [6].
The positron fraction measured by the PAMELA experiment com-
pared with other recent experimental data [121, 122, 123, 124, 125,
126, 127, 128]. One standard deviation error bars are shown. . . . . 27

3.7 The antiproton-to-proton flux ratio obtained by PAMELA experi-
ment [7] compared with other measurements [129, 130, 131, 132, 133,
134, 135]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.1 Schematic view of the propagation of cosmic-rays in our Galaxy from
Ref. [155]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.2 The dependence of electron density at Earth on boundary conditions
in the MIN propagation model, for injection of one electron of 500
GeV energy. The red line refers to the Robin boundary condition
Eq. (4.9), and the green one to the Dirichlet condition. . . . . . . . . 33

4.3 The interstellar photon energy density as function of r at z = 0 and
as function of z at ρ = 0. The contributions from stellar radiation,
magnetic field from Eq. (4.11) and from Eq. (4.10) as well as from
the CMB are shown from top to bottom on the left side. . . . . . . . 34

4.4 The radial distribution of the three components of hydrogen as a
function of the radius at z = 0 from Ref. [159] . . . . . . . . . . . . . 36

5.1 Maps of the radio sky at frequencies 408 MHz, 1.42 GHz, and 23
GHz, from the top left and moving clockwise [182, 183, 184]. The
color scaling is the logarithm to the base 10 of the flux in erg/s/cm2/sr. 45

5.2 Model dependence of radio signatures at 1.42 GHz induced by decays
of dark matter particles with mX = 100 GeV, τX = 1026 s, for an
injection spectrum dNe/dE = δ(E −mX). Results for the five differ-
ent diffusion models of Tab. 4.1 (from top to bottom: MIN, MED,
MAX, DC and DR) and for the three dark matter halo profiles of
Tab. 2.1 (from left to right: Kra, Iso and NFW) are shown. The
color scaling corresponds to the logarithm to the base 10 of the flux
in erg/s/cm2/sr. Note that the color scale corresponds to the same
flux range in all panels for convenient comparison. . . . . . . . . . . . 47

vi



LIST OF FIGURES

5.3 Excess maps, i.e. contours of predicted to observed radio flux, for
decaying dark matter with mX = 100 GeV, τX = 1026 s, and an in-
jection spectrum dNe/dE = δ(E −mX). Results for the five different
diffusion models (from top to bottom) of Tab. 4.1 and for three sur-
vey maps at 408 MHz, 1.42 GHz and 23 GHz (from left to right)
are shown. Note the logarithmic color scaling for the excess, where
warmer color indicates larger excesses. . . . . . . . . . . . . . . . . . 48

5.4 The model dependence of the response function based on radio emis-
sion, F J

r , is shown. The response function based on the observed
radio sky at 408 MHz, 1.42 GHz and 23 GHz (from left to right), re-
spectively, are given. The red, green, blue, magenta and black bands
denote the MIN, MED, MAX, DC, and DR models of Tab. 4.1, re-
spectively. The width of the bands represents the variation within
the Kra, Iso and NFW halo profiles of Tab. 2.1. The optimal di-
rections are (l, b) = (291◦,−13.9◦), (291◦,−13.9◦), (233◦, 25◦) for the
three considered radio frequencies, respectively. Analytical fits to
these curves are presented in Ref. [19]. . . . . . . . . . . . . . . . . . 49

5.5 The electron or positron spectra versus energy at r = 1 kpc, z =
0.2 kpc in the NFW halo model. The solid, dotted, short dash, long
dash and dotted-short dash line represent an injection energy of 1
GeV, 10 GeV, 100 GeV, 1 TeV and 10 TeV, respectively. Color keys
are as in Fig. 5.4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

5.6 The positron flux observed at Earth as obtained by multiplying the
e+ + e− flux observed by Fermi-LAT [9] with the positron fraction
measured by PAMELA [7, 6], see text. . . . . . . . . . . . . . . . . . 53

5.7 The response function Fp(E) resulting from the observed positron
flux given by PAMELA [6] for various energies at which the positron
flux was observed. The model dependence is also shown. The color
key is as in Fig. 5.4. Analytical fits to these curves are presented in
Ref. [19]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.8 The gamma-ray emissions at 0.1 GeV, 1 GeV and 10 GeV (upper
panel from left to right) produced by dark matter particles decaying
into e+e− pairs, where mχ = 200 GeV, τχ = 1026 s. Results hold for
the L1 diffusion model of Tab. 4.1 and for the NFW halo profile. The
lower panel shows the ICS radiation from astrophysical sources at 10
GeV for comparison (again from model L1). The color scaling corre-
sponds to the logarithm to the base 10 of the flux in GeV/s/cm2/sr.
Note that the color scale corresponds to the same flux range in all
panels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

vii



LIST OF FIGURES

5.9 Signal-to-background map of ICS radiation from dark matter with
mχ = 200 GeV, τχ = 1026 s decaying into e+e− pairs, compared to the
Fermi-LAT gamma-ray observations in the 0.5 - 1 GeV regime. Re-
sults hold for the L1 propagation model of Tab. 4.1. Note the logarith-
mic color scaling, warmer colors indicate larger signal-to-background. 59

5.10 Signal-to-background ratios as function of galactic latitude (left pan-
els) and longitude (right panels). The upper and middle panels cor-
respond to pure ICS signal, the lower panels correspond to the pure
prompt signal for comparison. Extragalactic and galactic radiation
are taken into account. The black lines take into account as the whole
observed signal, the green lines are obtained after subtraction of our
reference model for the astrophysical component (Model L1). We
find that the signal-to-background ratio of ICS radiation at higher
gamma-ray energies is maximized in the region S defined by |l| ≤ 20◦

and −18◦ ≤ b ≤ −10◦, which is indicated by the light red shaded
region. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.11 The response function Fγ based on gamma-ray emission for the L1
model of Tab. 4.1. The response functions are derived from the eight
gamma-ray energy ranges 0.5− 1 GeV, 1− 2 GeV, 2− 5 GeV, 5− 10
GeV, 10 − 20 GeV, 20 − 50 GeV, 50 − 100 GeV, and 100 − 300 GeV
from top to bottom at left side, respectively. The underlying sky
patch S is defined by |l| ≤ 20◦ and −18◦ ≤ b ≤ −10◦. Analytical fits
to these curves are presented in Ref. [20] . . . . . . . . . . . . . . . . 61

5.12 The propagation model dependence of the response function Fγ based
on our fixed patch for the gamma-ray energy range 0.5−1 GeV (yellow
band, curves extending to low energies) and 100 − 300 GeV (black
band, curves cutting off around 100 GeV). The width of the bands
represents the variation within the MIN (green), L1 (red) and MAX
(blue) propagation models of Tab. 4.1. . . . . . . . . . . . . . . . . . 61

5.13 The dependence of the response functions on subtraction of astro-
physical contributions to the gamma-ray signal. The response func-
tion Fγ for the L1 model based on the raw observed map (solid) and
on residual maps with gamma-rays from π0 decay (dotted) and from
all astrophysical processes (dashed, see text) removed. Red lines ex-
tending below 1 GeV are based on gamma-ray flux observed in the
energy range 0.5 − 1 GeV and green lines are based on the interval
100 − 300 GeV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

viii



LIST OF FIGURES

5.14 Bounds on a decaying dark matter particle for the decay mode X →
e+ + e− (left panel) and X → l+l−+invisible (right panel), see the
text for details. The bound is on the lifetime of the dark matter
particle divided by the branching ratio of the relevant mode. The
color key for the propagation model is as in Fig. 5.4. Constraints from
radio emission are dashed and from the PAMELA positron flux (with
normalization given by the newest Fermi-LAT data) are solid. Each
constraint line is based on either the synchrotron response function
for the three frequencies (408 MHz, 1.420 GHz and 23 GHz) or on
positron response function for the seven PAMELA energy bins. . . . . 65

5.15 Constraints on decaying dark matter for the decay channel χ → µ+µ−

decoded into its different components. The thick solid line shows the
overall bounds on mass and lifetime, cf. also Fig. 5.16. Green lines
represent the constraint coming from the response function for ICS
emission alone, whereas red lines are based on the prompt photon
spectrum alone. Each of the eight lines corresponds to one of the ob-
served gamma-ray energy ranges as denoted in the caption of Fig. 5.11. 67

5.16 Bounds on different decay channels in the mass vs. lifetime plane.
Regions below the thick solid line are excluded by combined ICS
and prompt radiation in the L1 propagation model, whereas param-
eter space below the dashed-dotted (dashed) line is excluded due to
ICS (prompt) radiation alone. The ICS constraints shown with the
dashed-dotted lines are calculated from the response functions shown
in Fig. 5.11. The constraints can be strengthened to the yellow light
shaded region if the predictions of Model L1 for the galactic diffuse as-
trophysical foreground is subtracted. The blue blobs and red crosses
(which are taken from Ref. [224]) show the parameters that well fit
electron + positron fluxes observed by Fermi-LAT and HESS and the
positron fraction observed by PAMELA as described in the text. . . . 68

6.1 The average diffuse background flux intensity with no point-source
removal. Contributions from normal galaxies (blue curve), radio
galaxies (red curve), from radio and normal galaxies combined (black
curve), and from a scenario for radio emission from galaxy clus-
ter shocks (magenta curve) [244] (see text for the normalization)
are compared to our fiducial dark matter annihilation scenario with
mX = 100 GeV, 〈σv〉 ∼ 3 × 10−26 cm3/s, Ab = 10, B = 10 µG,
Mmin = 106 M⊙ (brown curves). Here, the solid brown curve is for
Ye = 10, while the dashed brown curve is for Ye(E) ≃ mX/E. Also
shown is the CMB background (cyan solid curve) as well as its sub-
tractable part, determined by uncertainties of the absolute CMB tem-
perature (dotted cyan curve). The Galactic foreground at Galactic
latitude b > 20◦ is shown as the green band within uncertainties. . . . 79

ix



LIST OF FIGURES

6.2 The cumulative contribution of sources of apparent luminosity S
smaller than Scut to the two-halo term at 2 GHz. The red, blue and
brown lines represent the contribution from radio galaxies, normal
galaxies, and dark matter (fiducial scenario with Ye = 10), respectively. 82

6.3 The cumulative contribution of sources of apparent luminosity S
smaller than Scut to the one-halo (Poisson) term at 2 GHz. The
solid and dotted curve represent the cases of rmin = 0 and rmin = 1
Mpc, respectively. Color keys are as in Fig. 6.2. . . . . . . . . . . . . 83

6.4 Angular power spectra of various components at 2 GHz. Solid lines
and dotted lines represent the one-halo and two-halo terms, respec-
tively. We assume the astrophysical sources to be point-like. The min-
imal dark matter halo mass is Mmin = 106 M⊙. Sources at distances
below rmin = 1 Mpc, and of apparent luminosity above Scut = 0.1 mJy
were removed. Color keys are as in Fig. 6.2. . . . . . . . . . . . . . . 84

6.5 Same as Fig. 6.4, but assuming the emission profile of the astrophys-
ical sources follows an NFW profile. Sources with luminosities above
Scut = 0.1 mJy are again subtracted. . . . . . . . . . . . . . . . . . . . 85

6.6 Same as Fig. 6.5, but subtracting sources above Scut = 1 µJy. . . . . . 86

6.7 Angular power spectra of the radio sky at 2 GHz compared with var-
ious estimates of the Galactic foreground at Galactic latitude b > 20◦

(green shaded region) and the CMB (cyan curve). The brown band
represents the annihilation spectrum, where the upper and lower ends
correspond to Fdm = 10 and Fdm = 1, respectively, see Eq. (6.38),
and from which halos brighter than 0.1 mJy were removed. The
black-dotted and black-solid curves represent the total signal from
normal and radiogalaxies, for luminosity cuts Scut = 10 mJy and
Scut = 0.1 mJy, respectively. Also shown is a possible contribu-
tion from intergalactic shocks [244], normalized such that its angular
power spectrum is comparable to the Galactic foreground. . . . . . . 87

6.8 Observed radio source counts (dN/dS)S2.5 as function of apparent ra-
dio flux S compared with predictions for normal galaxies (blue curve),
radio galaxies (red curve), and annihilations from dark matter halos
(brown band, for 1 ≤ Fdm ≤ 10). Green shaded region and triangles
are data from Ref. [253]. . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.9 Sky maps of gamma-ray emission in Galactic coordinates at 1 GeV
(top-left), 10 GeV (top-right) and 100 GeV (bottom) due to ICS
from the host halo. The color scaling is logarithmic, and the unit is
1/s/cm2/sr. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

6.10 Sky maps of gamma-ray emission in Galactic coordinates at 1 GeV
(top-left), 10 GeV (top-right) and 100 GeV (bottom) due to ICS from
one realization of subhalos for the unbiased radial distribution and a
minimum subhalo mass of 106M⊙. The color scaling is logarithmic,
and the unit is 1/s/cm2/sr. . . . . . . . . . . . . . . . . . . . . . . . . 95

x



LIST OF FIGURES

6.11 Sky maps of gamma-ray emission at 1 GeV, 10 GeV and 100 GeV
(from top to bottom) due to ICS from one realization of subhalos for
the unbiased (left panel) and anti-biased radial (right panel) distri-
bution. The minimum subhalo mass is 10−6M⊙. The color scaling is
logarithmic, and the unit is 1/s/cm2/sr. . . . . . . . . . . . . . . . . . 96

6.12 Dimensionless angular power spectrum Cl of the gamma-ray sky from
dark matter annihilation at Eγ = 1 GeV (green), 10 GeV (red) and
100 GeV (black), respectively. Solid curves correspond to the case of
substructures with minimum subhalo mass Mmin = 10−6M⊙ for the
unbiased radial distribution. Dotted and dashed curves are for the
smooth host halo with NFW profile, where the emissivity ∝ ρ2 and
∝ ρ, respectively. For comparison, the cyan curves show the power
spectrum in absence of diffusion (see text for details). We find a
strong suppression due to diffusion for l & 10. Each power spectrum
is calculated exclusively from the contribution of the indicated source
component. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

6.13 Comparison of the dimensionless angular power spectrum Cl of gamma-
ray emission from dark matter substructures for the unbiased ra-
dial distribution (solid) and the anti-biased distribution (dotted) at
Eγ = 1 GeV (green), 10 GeV (red) and 100 GeV (black) with
Mmin = 10−6M⊙. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

6.14 The dimensional angular power spectrum CI
l of full-sky gamma-ray

anisotropies due to ICS from the entire Galactic dark matter including
the host halo and subhalos with minimum masss Mmin = 10−6M⊙ for
unbiased (dotted) and anti-biased case (dashed) distributions com-
pared to the Fermi-LAT gamma-ray observations (solid), at three
gamma-ray energies: 1-2 GeV (green), 10-20 GeV (red) and 100-300
GeV (black). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

A.1 The normalized Fourier transforms y1(k,M) (solid lines) and y2(k,M)
(dotted lines) of ρh and ρh2 , respectively, as functions of co-moving
wavenumber k. The vertical lines denote the scale k = 1/rs(M). . . . 107

xi



LIST OF FIGURES

xii



List of Tables

2.1 Some of widely used dark matter halo density profiles. . . . . . . . . 8

4.1 Typical combinations of diffusion parameters that are consistent with
the B/C analysis. The first three propagation models correspond
respectively to minimal, medium and maximal primary antiproton
fluxes, abbreviated by MIN, MED, and MAX, respectively. In the
DC model, the secondary e±, p and p̄ fluxes fit the data well, and the
DR model can easily reproduce the energy dependence of the B/C
data, while the L1 model can provide a good description of B/C,
p̄/p and data on other secondary/primary ratios above 1 GeV/n. 1

Below/above the break in rigidity at R = 4 GV. . . . . . . . . . . . . 32

6.1 The mean gamma-ray intensities 〈I〉 at 1 GeV, 10 GeV and 100 GeV,
averaged over the sky, from subhalos with minimum mass Mmin =
10−6M⊙ for the unbiased and anti-biased radial distribution and from
the smooth host halo. The unit is cm2/s/sr. . . . . . . . . . . . . . . 97

6.2 The dependence of the characteristic electron energy E on the energy
Eγ of gamma-ray emission through inverse Compton scattering off
the various black-body components of the ISRF with temperatures
Tp. For the cases E < 1 TeV the corresponding diffusion length λD(E)
is also shown in braces. . . . . . . . . . . . . . . . . . . . . . . . . . . 97

xiii



LIST OF TABLES

xiv



Chapter 1

Introduction

In the last decades, the existence of nonbaryonic dark matter in modern cosmology
is strongly supported by several independent signatures [1], including the cosmic
microwave background (CMB), gravitational lensing and large scale structure (LSS)
surveys. However, the nature of dark matter remains a mystery – we only know
that dark matter does not participate in the electromagnetic or strong interactions
and that it has behaved as a non-relativistic fluid during the formation of the large
scale structure of the Universe. Many extensions of the Standard Model of particle
physics generally predict new dynamics between the electroweak and the Planck
scales together with a number of new particles, sometimes with the required proper-
ties to be dark matter. To reproduce the correct relic density, it is naturally assumed
that dark matter is composed of weakly interacting massive particles (WIMPs) such
as the supersymmetric neutralino, one of the most popular candidates [2]. There
also exists a number of interesting and theoretically well motivated dark matter
models that predict the decay of dark matter on cosmological time scales, which are
typically required to be not in conflict with current observational limits [3, 4, 5].

Dark matter can be detected directly in dedicated experiments searching for
nuclear recoils from the scattering of dark matter particles, or produced in particle
accelerators such as the LHC. It can also reveal its existence indirectly [1]. Dark
matter decays or annihilations can give rise to significant fluxes of gamma-rays,
electrons, positrons, neutrinos, and even some antimatter such as anti-protons and
positrons. The energies of the secondary particles that can reach up to the dark
matter particle mass can be of order a few hundred GeV. Secondary electrons and
positrons can annihilate and give rise to a 511 keV line emission, and they emit
synchrotron radiation in the magnetic fields of galaxies which can be detected in the
radio band. These electrons and positrons also produce gamma-rays through inverse
Compton scattering (ICS) off the low energy background photons in an interstellar
radiation field (ISRF) and through bremsstrahlung emissions due to the interaction
with an ionized interstellar medium (ISM). Therefore, cosmic-ray and gamma-ray
detectors, radio telescopes and even neutrino telescopes, can be used for indirect
dark matter detection as well.

Interestingly, multiple experiments have recently announced results which have
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1. INTRODUCTION

been interpreted as possible products of dark matter annihilation or decay. In par-
ticular, in July 2008, the PAMELA (Payload for Antimatter Exploration and Light-
nuclei Astrophysics) experiment reported an unexpected excess in the positron frac-
tion above 10 GeV [6], but antiproton measurements are consistent very well with
the expected values [7]. Soon after the publication of the PAMELA data, in Novem-
ber 2008, the ATIC balloon experiment [8] revealed a sharp bump between 300-800
GeV in the cosmic ray e+e− spectrum, with a maximum of 600 GeV. However,
the Fermi-LAT (Large Area Telescope) also published relevant data which does not
confirm the ATIC excess [9]. At the same time, the HESS collaboration [10, 11]
reported a power-law spectrum in the e+e− spectrum at energies larger than 340
GeV up to several TeV, in agreement with the Fermi-LAT result.

Apart from cosmic-ray data, in the radio band, the WMAP data revealed an ex-
cess of microwave emission at the Galactic central region, which can be interpreted
as an additional source of electrons and positrons with a hard spectral index [12].
Similarly, a diffuse inverse Compton signal in the inner Galaxy with a similar spa-
tial morphology to the microwave haze was pointed out by the Fermi-LAT [13].
Together, all these observations imply that dark matter decay or annihilation can
act as such additional source of excesses, although ordinary astrophysical sources
such as pulsars [14, 15, 16, 17] are more plausible. Currently, indirect detection
efforts are being developed very rapidly, and we can imagine that in the near fu-
ture, more accurate measurements will provide many exciting results for indirect
detection of dark matter.

This thesis presents a study of indirect searches of dark matter. An overview
of dark matter is given in chapter 2. Chapter 3 shortly describes the astronomical
observations. Chapter 4 discusses the cosmic-ray propagation in our Galaxy. Chap-
ter 5 focuses on constraining decaying dark matter by folding universal response
functions with a specific dark matter model. We develop these response functions
by current radio and gamma-ray data as well as the observed positron fluxes. In
chapter 6, we perform a statistical analysis of the full-sky radio and gamma-ray
emission maps, pointing out unique features in the anisotropy power spectra re-
sulting from dark matter annihilation. Finally we conclude and give an outlook in
chapter 7. This thesis is mostly based on the papers [18, 19, 20, 21] in which I was
the main author. The first three papers were published in refereed journals and the
last one is submitted for publication.
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Chapter 2

Properties of Dark Matter

In modern cosmology, the presence of nonbaryonic dark matter is strongly supported
by many astronomical and cosmological observations. However, the property of dark
matter particle remains a mystery after decades of research. As of today, only the
gravitational influence of dark matter on normal visible matter can be detected.

This chapter first gives a short introduction to standard cosmology and shows the
most convincing evidence for dark matter. Then what follows is a short description
of dark matter halo models in terms of theoretical predictions and recent N-body
simulations. This chapter ends with a discussion on dark matter candidates.

2.1 Standard Cosmology

The standard cosmology was built after the discovery of the Hubble’s law in the
early 20th century and is supported by all sorts of cosmological observations. The
Einstein’s equation of General Relativity can describe accurately the observed Uni-
verse and is a foundation stone for any cosmological study (for a good introduction
to standard cosmology see Refs [22, 23, 24, 25]). The Einstein’s gravitational field
equation reads

Rµν −
1

2
gµνR = −8πGTµν + Λgµν , (2.1)

where Rµν and R are, respectively, the Ricci tensor and scalar (obtained by
contraction of the Riemann curvature tensor). gµν is the metric tensor, G is Newtons
constant, Tµν is the energy-momentum tensor, and Λ is the cosmological constant.
Assuming an isotopic and homogeneous Universe (the cosmological principle), the
Hubble parameter H, which often describes the evolution of the Universe, obeys the
Friedmann equation:

H2 ≡ ȧ

a
=

8πGρ + Λ

3
− k

a2
, (2.2)

where an unconstrained function a(t) is the scale factor and ρ is the total average
energy density of the Universe. Here the constant k = −1, 0, +1 depends on if a
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2. PROPERTIES OF DARK MATTER

negative, flat or positive curvature has been respectively adopted for the metric of
the Universe.

The energy density ρ is often expressed in fractions of the critical density ρc,
introducing the parameter Ω = ρ/ρc with

ρc =
3H2

8πG
. (2.3)

Here ρ is usually separated into a baryonic component Ωb (i.e. ordinary matter),
cold dark matter ΩCDM and a radiation/relativistic particles component Ωr. In
general, the various Ωi evolve with time differently, depending on the equation of
state of the component. Similarly, the cosmological Λ and the curvature k can be
often expressed with ΩΛ ≡ Λ

8πGρc
and Ωk ≡ −k

ȧ2 . The constant term will not be
diluted by an expanding Universe. Therefore, it will dominate the energy content
of the Universe and accelerate the expansion at some point. Current observations,
such as the Type-Ia supernovae [26], indicate that this has started to happen in
the recent stage of the evolution of the Universe. The origin of this acceleration is
another outstanding question in modern cosmology and particle physics.

A general expression for the Hubble expansion rate as function of redshift z is
given by the simple expression

H = H0

√

ΩCDM(1 + z)3 + Ωb(1 + z)3 + Ωr(1 + z)4 + Ωk(1 + z)2 + ΩΛ . (2.4)

The redshift z is related to the scale factor as z(t) + 1 = a(tobs)/a(t), where aobs

denotes the scale factor today, and H0 denotes the current Hubble expansion rate
H0 ∼ 70km/s/Mpc. For standard cosmology, today the Universe is estimated to
be 13.7 billion years old and almost flat Ωk ∼ 0, and its energy budget is: ΩΛ ∼
74%, ΩCDM ∼ 22%, Ωb ∼ 4% and Ωr ∼ 0.005% [27].

2.2 Gravitational Evidence of Dark Matter

In 1933, F. Zwicky [28] firstly inferred the existence of dark matter from the mea-
surements of the velocity dispersion of galaxies in the Coma cluster. By using the
virial theorem to the velocity dispersion, he found that a mass-to-light ratio largely
exceeds the ratio in the solar system by two orders of magnitude, which means most
of mass in cluster must be dominated by invisible matter. His suggestion of a miss-
ing dark matter component did not arouse much attention at that time until around
40 years later V. Rubin found the same situation by spectroscopical measurements
of the rotation curves of stars in edge-on spiral galaxies. This again indicates that
something other than the stellar population must contribute significantly to the
mass of galaxies [29]. Today, most dynamical estimates [30, 31, 32] confirms both
Zwicky’s and Rubin’s works, inferring a value ΩCDM ∼ 0.2 − 0.3 on cluster scales,
and the existence of dark matter is widely accepted. Also there are some other com-
plementary measurements to determine the mass of a stellar cluster, such as by the
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2.2 Gravitational Evidence of Dark Matter

Figure 2.1: Rotation curve of NGC 3198 from Ref. [35]. The lines show an example
of the ordinary contribution ’disk’ and the dark matter contribution ’halo’.

weak gravitational lensing [33] and by studying the profile of X-ray emission that
traces the distribution of hot emitting gas in rich clusters (for review see Ref. [34]).

Rotation curves by now are well measured by combining observations of 21-cm
line with optical surface photometry. Observed rotation curves usually exhibit a
characteristic flat behavior at large distances, i.e. out towards, and even far beyond,
the edge of the visible disks (see a typical example in Fig. 2.1). In Newtonian
dynamics, the gravitational force keeps the star in a galaxy in a circular orbit and
the velocity at a galactic radius r is given by v(r) =

√

GM(< r)/r, where M(< r) ≡
4π

∫ r
r′2ρ(r′)dr′ the mass within r, with a mass density given by ρ(r′). Usually, the

observed stellar population density decreases exponentially with radius which would
imply a constant mass distribution at large radii beyond the optical disk and hence a
velocity rotation curve v ∝ 1/

√
r at large radii. However, the observed velocity curve

is approximately constant at large distances from the galactic centre. This requires
an halo with M(r) ∝ r, or equivalently ρ(r) ∝ r−2. This cannot be interpreted
as galactic gas and stars alone. Therefore we must introduce an additional dark
matter component to explain the rotation curves of galaxies. In Fig. 2.1, we show
an example [35] of an rotation curve for the galaxy NGC 3198 to illustrates the
discussion above.

Recently, a strong evidence of dark matter comes from the Bullet cluster [36].
Due to the collision of two clusters (one of them has a characteristic bullet shape),
the dissipationless stellar component and the fluid-like X-ray emitting plasma are
spatially segregated (see Fig. 2.2). On the other hand, the analysis of gravitational
weak lensing maps pointed out that the gravitational potential does not trace the
baryonic mass component, but rather approximately traces the distribution of galax-
ies. This behavior cannot be easily explained by modified Newton dynamics [37, 38]
and thus prove that the dominated component in the cluster is composed of unseen
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2. PROPERTIES OF DARK MATTER

Figure 2.2: The observation of merging Bullet cluster (named after the shape to
the right) from Ref. [36]. The contours show the distribution of gravitating mass as
inferred from weak gravitational lensing. The observation of hot x-ray emitting gas
which traces the distribution of intercluster medium is shown in red and the blue hues
show the distribution of dark matter in the cluster.

matter.

Most cosmological observations, such as the CMB angular power spectrum, the
LSS surveys and the Type-Ia supernovae distance measurements, can determine
precisely the dark matter density. Type-Ia supernovae are regard as excellent stan-
dard candles for measuring distances in the Universe. The peak luminosity from
supernova explosion is always about same. Thus, if the peak luminosity of a type-Ia
supernova in a distant galaxy is measured, using the inverse square law, one can infer
the distance of its parent galaxy. Combining with a determination of the redshifts z
of the observed supernovae, one can place constraints on the Hubble expansion rate
H(z), which in turn gives constraints on the cosmological parameters. Furthermore,
dark matter plays an important role on both CMB anisotropies and on structure
formation through its gravitational influence on ordinary matter. The process can
be simply understood as follows.

After the inflation, matter density fluctuations are assumed to be scale invariant.
During radiation-dominated era (i.e. when Ωr is larger than the other densities),
density perturbations can only grow until they enter the horizon of the causally con-
nected Universe, ∼ 1/H. Perturbations within the horizon will oscillate due to the
radiation pressure and will not grow significantly. Thus, the amplitude of perturba-
tions within horizon will be suppressed. As the horizon continues to increase, per-
turbations at all scales are prevented from growing. At the time of matter-radiation
equality (z ≈ 3000), the dark matter perturbations start to increase. Thus, there
is a suppression of structures to a size smaller than the horizon of the Universe at
matter-radiation equality. Today this corresponds to a suppression of structures

6
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2.2 Gravitational Evidence of Dark Matter

Figure 2.3: Combined constraints on cosmological densities ΩΛ and Ωm, using su-
pernovae, CMB and cluster abundance data. The flat Universe (k = 0) is shown with
solid line (from Ref. [39]).

smaller than ∼ 1Gpc. However the radiation pressure due to Thomson scattering
still resists the increase in baryon perturbations. After recombination (z ≈ 1100)
when the photons have decoupled from baryons, the baryonic matter rapidly fall into
the previously formed gravitational potential wells of dark matter, so that photons,
which prevent baryons from forming structure, do not have significant consequences
on structure formation. At the same time, the patterns of acoustic oscillations, due
to the struggle between gravity and radiation pressure in the photon-baryon fluid,
are frozen into the CMB. Therefore, the amplitudes and the locations of acoustic
peaks in CMB angular power spectrum and the quantity σ8, the fractional root
mean square fluctuation in density on a linear scale of 8h−1, can be used to deter-
mine the amount of dark matter by observations of clusters. Together with all the
aforementioned measurements, the constrains on dark matter density are shown in
Fig. 2.3.

When the perturbations have grown sufficiently, a small region might become
substantially denser than the mean density of the Universe and at some point it
will start to collapse and form gravitationally bound objects called the halos. The
collapsed objects can be understood by the semi-analytical models from the linear
growth theory of initial perturbations, which is only applicable for small enough
perturbations ( δρ

ρ̄
≪ 1), as described by the Press-Schechter theory [40] and its

7
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2. PROPERTIES OF DARK MATTER

model α β γ
Kra 2 3 0.4
Iso 2 2 0

NFW 1 3 1

Table 2.1: Some of widely used dark matter halo density profiles.

extension [41] with ellipsoidal collapse. However, the analytical description of col-
lisions between dark matter halos is still a problem since the density perturbations
can no longer be approximated by a random Gaussian field in a nonlinear regime.
Instead the dynamics in nonlinear gravitational region can be best understood by
N-body simulations which start from an initial condition (e.g. from the primordial
power spectrum of fluctuations). The system simulates millions or even billions of
interacting particles in an expanding universe. The simulations reveal a hierarchical
manner in the structure formation, with small halos forming first and subsequently
merging to form larger halos, which are consistent broadly with the observations.
We will briefly summarize the distributions and profiles of dark matter halos from
theoretical predictions and numerical simulations in the next section.

2.3 Profile and Distribution

The evolution of structure in the nonlinear gravitational region can be simulated
with a high resolution. The reliability of an N-body simulation is determined by its
minimum mass of elementary particle and its grid resolution. In a pioneer paper in
the 90’s, the large N-body simulations was performed [42] and a power law ρ ∼ 1/r
was proposed to fit the halo profile in the central part. Recent N-body simulations,
such as works from Millennium [43] and Via Lactea [44], confirmed this result and
suggest that radially symmetric dark matter halos in a large mass range can be
parametrized by a universal density profile of the form [1]:

ρ(r) =
ρs

(r/rs)γ[1 + (r/rs)α](β−γ)/α
. (2.5)

In Tab. 2.1, we give the values of the parameters (α, β, γ) for some of most widely
used profiles such as the Kra [45], NFW [46] and Iso [47] profiles. We can see that
the slopes of the density profiles in the inner regions are significantly different. In
the most extreme case [48, 49], the inner profile could be as steep as r−1.5. Note
that an NFW profile is based on a conservative assumption relative to this steeper
profile which would consequently lead to a larger dark matter signal at the central
region.

Alternatively, it has been suggested that another kind of profile, the Einasto
profile [50] with the power-law logarithmic slope in radius, can also fit the simulation
data over large mass scales. The Einasto profile has a finite central slope, unlike
the NFW profile which has a divergent central density. Because of the limited
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2.3 Profile and Distribution

resolution of N-body simulations, it is not yet known which model provides the
best description of the central densities of the simulated dark-matter halos. The
Einasto profile introduces a third parameter, α, which regulates the transition of
the power-law slopes:

ρ(r) = ρs exp

(

2

α

)

exp

[

− 2

α

(

r

rs

)α]

. (2.6)

The parameter α has been found to depend systematically on the formation history
of halos [51].

Conveniently, the parameters rs and ρs can be replaced with virial mass M and
concentration parameter c in Eq. (2.5). The concentration parameter is defined as
c ≡ rvir/r−2, where r−2 is the distance at which the profile falls as r2 (r−2 = rs

for the NFW profile) and rvir is the virial radius of the halo with the mass M .
The term virial means that the average gravitational potential energy is twice the
average kinetic energy. Within the context of the spherical collapse model, the outer
extent of the cluster is taken to be the virial radius

rv =

[

3M

4πρm(1 + z)3∆c(z)

]
1
3

, (2.7)

where ρm(1 + z)3 is the average physical background matter density of the Universe
at redshift z, and

∆c(z) ≃ 18π2

[

1 +
88

215

(

1 − Ωm

Ωm(1 + z)3

)
86
95

]

(2.8)

is the overdensity of the halo relative to the background density [52] (common values
∼ 200).

For the NFW profile, A combination of the definitions of virial mass and density
profile gives

ρs =
ρm(1 + z)3∆c(z)

3

c3

ln(1 + c) − c/(1 + c)
(2.9)

Together, c and M completely determine the dark matter distribution of a given
halo. When adopting a NFW profile, the mass of the Milky Way halo has been
estimated to 1 × 1012M⊙ and c to be 12 (which corresponds to rs = 21.7 kpc) [53].

The dependence of concentration parameter on the halo mass and redshift has
been found in N-body simulations. The typical models proposed to describe c(M, z)
agree fairly well within the mass interval resolved in N-body simulations [51, 54,
55, 56]. However, the relation c(M, z) can differ substantially especially when
extrapolated to lower mass range and to high redshifts. A conservative value of
c(M = 10−6 M⊙, z = 0) ≃ 70 can be obtained by extrapolating

c(M, z) = 4
1 + zc

1 + z
(2.10)

9
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to the low mass range [54]. Here the collapse redshift zc is implicitly given by the
relation M∗(zc) = 0.01M , where M∗(z) is the mass scale at which σ(M∗, z) = δc.
In a less conservative parametrization motivated by numerical simulations c would
follow a log-normal distribution with standard deviation σc = 0.18,

P(ln c|M, z) =
1√

2πσc

exp

(

− [ln c − ln c̄(M, z)]2

2σ2
c

)

, (2.11)

where the mean concentration parameter c̄ is related to the halo mass via [57]

c̄(M, z) =
c0

1 + z

[

M

M∗(z = 0)

]−αc

, (2.12)

where c0 and αc are constants whose numerical values [54] are typically chosen
to be c0 = 9 and αc = 0.13. However, application of this parameterization to
low-mass halos and to high redshift give values that are inconsistent with other
simulations [58]. A third parameterization [59] uses

c̄(M, z) = a(z)

[

M

M∗(z)

]b(z)

, (2.13)

with a(z) = 10.3(1 + z)−0.3 , and b(z) = 0.24(1 + z)−0.3.

2.3.1 Power Spectrum and Halo Mass Function

The mass function of the halo distribution is derived from the Press-Schechter for-
malism [40]. In this approach, fluctuations in the linear density field with δ > δc

decouple from the local Hubble expansion of the Universe and collapse to form
non-linear structures. The fraction of the volume that has collapsed is predicted to
be

fcoll(M(R), z) =
2√

2πσ(R, z)

∫ ∞

δc

dδ e−δ2/2σ2(R,z) , (2.14)

where R is the co-moving radius over which the density field has been smoothed,
which is related to the halo mass by M(R) = ρm4πR3/3 with ρm the co-moving
matter density of the universe. The number density of halos is given by [40, 41]

dn(M, z)

dM
= −ρm

M

dfcoll(M(R), z)

dM
=

ρm

M
f(ν)

dν

dM
, (2.15)

where

f(ν) ≡
√

2A2a2

π
[1 + (aν2)−p]e−

aν2

2 . (2.16)

Here

ν(M, z) ≡ δc(z)

σ(M, z)
, (2.17)
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and
δc(z) ≃ 1.686 (2.18)

is the critical density required for spherical collapse at a redshift z in an Einstein-de
Sitter space. The variance in the density field smoothed with a top-hat filter of
radius R = (3M/4πρm)

1
3 is

σ2(M, z) = G2(z)

∫

dk

k

k3Plin(k)

2π2
|W (kR)|2 , (2.19)

where

W (x) =
3

x3
[sin(x) − xcos(x)] , (2.20)

Plin(k) is the linear matter power spectrum, and

G(z) =
H(z)

∫ ∞

z
dz′(1 + z′)[H(z′)]−3

H0

∫ ∞

0
dz′(1 + z′)[H(z′)]−3

(2.21)

is the growth factor in the linear perturbation theory, often also denoted by D(z).
In Eq. (2.16) A, p, and a are constants. The the canonical Press-Schechter (PS)
and Sheth-Tormen (ST) mass functions use the parameters (p = 0, a = 1) and
(p = 0.3, a = 0.707), respectively. The normalization A is determined by requiring
mass conservation such that

1

ρm

∫ ∞

0

dMM
dn

dM
=

∫ ∞

0

dνf(ν) = 1 . (2.22)

For PS A = 1 and for ST A = 0.3222.
The primordial power spectrum P (k) ∝ Ask

ns can be modified by the content
and evolution of different matter components of the Universe due to the perturba-
tions that enter the horizon at different epochs. This allows one to relate the linear
power spectrum to the primordial power spectrum through a transfer function T (k)
via

Plin(k, z) = D2(z)Plin(k, z = 0) = D2(z)As(k · Mpc)nsT 2(k) (2.23)

Fitting formula for an adiabatic CDM model give [60]

TCDM(q) =
ln(1 + 2.34q)

2.34q
[1 + 3.89q + (16.1q)2 + (5.46q)3 + (6.71q)4]−1/4 (2.24)

where q = k · Mpc/(hΓ) and Γ = Ωmh exp[Ωb(1 +
√

2h/Ωm)]. One usually uses
the rms fluctuation on an 8h−1 Mpc scale to normalize the amplitude of the present
power spectrum. From the five-year WMAP data [27, 61], we adopt ns = 0.96, and
As = 1.4 × 107. Following Ref. [62], we may furthermore write the linear growth
factor as

D(z) =
1

1 + z

g(z)

g(0)
, (2.25)

where an approximate expression for g(z) is

g(z) =
5/2Ωm(z)

Ωm(z)4/7 − ΩΛ(z) + (1 + Ωm(z)/2)(1 + ΩΛ(z)/70)
. (2.26)
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Figure 2.4: A zoom into one of earth mass dark halos in the Universe at redshift
z ≈ 26 (from Ref. [58]). The colours show the density of dark matter.

2.4 Galactic Substructure Halos

In the cold dark matter scenario, the dark halos can form at very high redshift,
z ≈ 60, with a minimum mass of ∼ 10−6M⊙, determined by the free-streaming
limit and the collisional damping leading to a cutoff of the primordial power spec-
trum [63, 64, 65, 66]. The first generation of earth-mass halos (see Fig. 2.4) have
recently been simulated [58], in a good agreement with the analytic calculations.
This suggests that if they can survive until the present day, an enormous number of
dark matter clumps (subhalos) are expected to be embedded in our Galaxy. More
Recently numerical simulations confirm this prediction [51, 58, 67, 68] (see Fig. 2.5),
although the role of the tidal effects from the baryonic component has yet to be
quantified and there is no direct test by observations. According to N-body simula-
tions, a Milky Way sized halo should be surrounded by a few hundred dark matter
satellites with masses larger than 108M⊙ [69, 70], whereas the observed clumps are
one order of magnitude smaller than predicted. This dramatic discrepancy between
the observations and the hierarchical models is sometimes referred as “the missing
satellite problem”. Some possible solutions to this problem are proposed mostly
by adopting a considerable suppression on the amplitude of density fluctuations at
small scales, which leads to the abundance of subhalos is suppressed. Such suppres-
sion can be achieved either by suitably varying parameters controlling the amplitude
of the small-scale power spectrum within the ΛCDM model itself [71], by normal-
ising the power spectrum or its large-scale tilt, or by switching to models in which
the amplitude at small scales is suppressed, as in the warm dark matter (WDM)
structure formation scenarios [71, 72, 73, 74, 75, 76].

More recently, several references have discussed the resulting signals from sub-
structure halos, pointing out that those subhalos can boost annihilation rates and
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Figure 2.5: Dark matter substructures in our Galactic halo. Shown are projected
dark matter density-square map of Via Lactea II ( see details in Ref. [68]) with a mass
resolution of 4100M⊙.

produce a distinguishing radial distribution of emissions [77, 78, 79, 80, 81]. In the
following, we briefly summarize the properties of subhalos used in this thesis.

Subhalo Radial Distribution. There are two widely used scenarios for describ-
ing the subhalo radial distribution. One is unbiased towards the Galactic smooth
component (host halo) with the NFW density profile [46] given by

ρNFW(r) =
ρs

x(1 + x)2
, (2.27)

As mentioned before, for a host halo with the NFW density profile we adopted ρs =
0.2 GeV/cm3, rs = 21.7 kpc and c200 ≡ r200/rs = 12 [53]. Here I set ∆c = 200, which
defines the virial mass M200 and virial radius r200 of a halo via M200 = 4

3
πr3

200∆cρc.
In the case where the subhalo distribution is anti-biased compared to the smooth

component, we use the fitting formula of the subhalo radial distribution from Gao
et al [51, 67]. The cumulative fraction of subhalos within a given radius is

Nanti(< ζ)

Ntot

=
(1 + a c200) ζβ

1 + a c200 ζγ
, (2.28)

with ζ ≡ r/r200, a = 0.244, β = 2.75, γ = 2 and c200 is the host halo concentration.
Furthermore, Ntot is the total number of subhalos within virial radius r200 of the
host halo.
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Subhalo Mass Function. Simulations suggest that the cumulative number of
subhalos above a given mass M can be fitted simply by a power law [55],

N(> M) ≃ 64

(

M

108M⊙

)−αm

. (2.29)

In this thesis, we simulate the subhalos with mass down to around one Earth mass,
Mmin = 10−6M⊙ and choose αm = 0.9, as suggested by simulations. We find that
choosing αm between 0.8 and 1 [82] would change the total annihilation rates by
roughly a factor of 20.

Subhalo Density Profile. More recent simulations suggest that the central struc-
ture of small-scale dark matter halos deviates substantially from the NFW profile in
the innermost regions, which can be well reproduced by an Einasto density profile
as mentioned in Eq. (2.6). Therefore, we adopt the Einasto profile with the param-
eter α = 0.16 given by Gao et al [51]. We use a optimistic parameterization (see
Eq. (2.12)). The relation of halo concentration and mass is given by

c(M) = 398.1

(

M

M⊙

)−0.138

. (2.30)

The slope and normalization are consistent with those found by Bullock et al [54].

2.5 Models for Particle Dark Matter

Probably the most popular class of dark matter models is the Weakly Interactive
Massive Particles (WIMPs). The main theoretical characteristics of WIMPs are
that they must interact with standard particles only via the weak nuclear force and
gravity, which make them non-baryonic and electrically neutral; they should carry
some conserved quantum number to keep them stable at least on the cosmological
timescales; they should be sufficiently heavy compared to standard particles, leading
to relatively slow moving and therefore “cold” which makes structure of the Universe
hierarchical. Examples for WIMPs include the Lightest Supersymmetric Particle
(LSP) with R-parity conservation, such as the lightest neutralino, the gravitino,
and the lightest Kaluza-Klein (KK) particle, which is predicted to be stable in some
higher dimensional models.

Within standard cosmology, dark matter present relic density and can be calcu-
lated reliably if the WIMPs are thermally “freeze-out”. After the inflation, due to
the high temperatures (T >∼ mχ) in the early Universe, they are in chemical and
thermal equilibrium with the primordial plasma through the electroweak interaction.
The evolution equation for the WIMP number density nχ reads [2]

dnχ

dt
= −3Hnχ − 〈σv〉(n2

χ − n2
χ,eq) , (2.31)
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Figure 2.6: The dependence of relic density and thermal freeze-out temperature
on cross-section from Ref. [2]. When annihilation rate becomes smaller than the
expansion rate, the WIMPs fall out of chemical equilibrium. This is known as freeze
out. After that, their comoving density is essentially constant. Larger cross-sections
result in lower relic densities.

where nχ,eq denotes the number density in chemical equilibrium and is a function
of temperature, 〈σv〉 is the annihilation cross-section averaged over the velocity
distribution and H is the Hubble expansion rate as the function of time. For non-
relativistic particles (T ≪ mχ), nχ,eq can be written as

nχ,eq = g

(

mT

2π

)3/2

e−m/T , (2.32)

where g is the number of degree of freedom of the particle. At high temperatures, the
right-hand side of Eq.( 2.31) dominates the Hubble expansion term and the WIMP
number density thus follows equilibrium solution, nχ ≃ nχ,eq. As the Universe
expands adiabatically, the temperature must drop to maintain constant entropy.
Consequently, because of the Boltzmann suppression (i.e. e−m/T term in Eq. (2.32)
) of nχ (and nχ,eq), the density nχ becomes so low that the WIMP annihilation
rate drops below the Hubble expansion rate. At some point T = Tcd, the comoving
number density starts to deviate considerably from its equilibrium value and even-
tually will become essentially constant. When this occurs, the WIMPs is said to be
“frozen out”. The typical value for WIMPs happens around Tcd ∼ mχ/25 [2]. This
means that WIMPs are already non-relativistic when they decouple from the ther-
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mal plasma. After chemical decoupling, the WIMPs may still continue scattering
elastically with other particles until kinetic decoupling happens [83, 84]. After that,
elastic collisions between WIMPs become very infrequent and therefore WIMPs act
as the collisionless cold dark matter.

Based on the above discussion, the dark matter relic density is determined by
the history of the Hubble expansion rate until the chemical freeze-out and by the
annihilation rate and can be obtained by solving Eq. (2.31) numerically. Some
example solutions of relic density for WIMPs with different cross-sections are shown
in Fig. 2.6. We find that larger annihilation cross-sections can cause the particle
to freeze out later, and result in a lower relic density. For a good approximation
(ignoring logarithmic corrections), the present relic density is given by [2, 22]

Ωχh2 ≈ 0.1
3 × 10−26cm−3s−1

〈σv〉 . (2.33)

From cosmological observations, the obtained value of the relic density is Ωχh2 ∼ 0.1,
which requires the annihilation cross-section to be 〈σv〉 ∼ 10−26cm−3s−1. If the
WIMPs has a mass at the electroweak scale mχ ∼ 100GeV, their annihilation
cross-section for weakly interacting particles can be estimated as 〈σv〉 ∼ α2/m2

χ ∼
10−25cm−3s−1, where α is the fine structure constant. It is appealing that the pre-
dicted relic density agrees fairly well with the observations within one order of mag-
nitude and therefore WIMPs are considered to be one of the most likely candidates
for cold dark matter.

In addition, if the conserved quantum number is slightly violated, dark matter
will become unstable and decay happens. There exist a large number of interest-
ing and theoretically well motivated dark matter models that predict the decay
of dark matter on the cosmological time scales, namely with lifetime longer than
τχ ≃ O(1026)s, which are typically required to be consistent with current observa-
tional limits [3, 4, 5]. Among these candidates is the gravitino in small R-parity
breaking scenarios (motivated by requiring a consistent thermal history of the Uni-
verse [85]) and models of sterile neutrinos, whose long lifetime is due to tiny Yukawa
couplings (see Ref. [86] and references therein). Other interesting models include
kinetically mixed hidden gauge bosons and gauginos [87, 88]. Even in models where
the dark matter candidates are stable in the first place, the consideration of higher-
dimensional operators often renders the dark matter candidate particle unstable
within the cosmological lifetime [89].

Furthermore, it is expected that the self-annihilation or the decay of dark matter
can give rise to significant fluxes of gamma-rays, electrons, positrons, neutrinos, and
even some antimatter such as anti-protons and positrons, especially in regions with
high dark matter density. We will concentrate on indirect searches of dark matter
later in chapters 5 and 6, providing the most stringent constraints on the properties
of dark matte from astrophysical measurements.
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Chapter 3

Astronomical Observations

The multi-wavelength searches of dark matter can produce much information from
astrophysical radiation backgrounds and cosmic-ray signals also provide useful com-
plementary information. In this chapter, we briefly review the aspects of radio
and gamma-ray astronomy and the cosmic-ray antimatter measurements. These are
useful in comparing dark matter signatures with the astrophysical backgrounds.

3.1 Radio Astronomy

Radio astronomy is one of the most important tools for astronomical observations.
Radiation frequencies in the Universe range from 3 Hz to 300 GHz or wavelengths
from 105 km to less than 1 mm. The first detection of radio emission from the Milky
Way was made in 1932 by Karl Jansky, whose discovery marked the birth of radio
astronomy. Technological developments during the Second World War brought a
huge improvement in radio reception methods, and the new antennas and sensitive
receivers were developed. In the 1950s and 1960s, significant events in radio astron-
omy are the discovery of 21-cm hydrogen line, quasars, pulsars, and the CMB, which
contributes to a great part of our understanding of the Universe.

Radio astronomers often use distinguishing methods to gather radiations. In-
stead of immediate measurement, the radio radiation is amplified and manipulated
coherently firstly by the instrument for preserving its phase information, before it is
finally detected. The radio detectors should be constructed as large as possible for
obtaining large collecting area and great angular resolution. Compared with other
radiations such as X-rays and gamma-rays, the radio radiations can pass through
the atmosphere almost without absorption, as shown in Fig. 3.1, allowing radio ob-
servations to be made on the ground instead of being taken from airplanes, balloons,
or satellites. In the following, we will briefly discuss the astrophysical origins of the
extragalactic radio background and the Galactic radio foreground.

Extragalactic Background. The extragalactic radio background is significant
for astronomers since it contains abundant information associated with the formation
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Figure 3.1: Electromagnetic waves of different wavelengths have different ability to
penetrate the atmosphere [90]. The atmosphere is essentially transparent for optical
waves and a portion of radio waves with wavelengths less than a few meters.

and the evolution of galaxies, and with the history and the large-scale structure of
the Universe. In addition, the diffuse radio background is much lower than other
radiation background, as shown in Fig. 3.2. This implies that the radio background
would have a better sensitivity in search for the signatures of dark matter. The
main contributors of the radio background can be summarized as follows:

(i) The CMB Radiation. The cosmic microwave background (CMB) is a ra-
diation originating from a very early time in the Universe (at redshift z ≈ 1100), and
is predicted by the Big Bang theory as being black-body radiation at a temperature
of 2.73K, which means that it peaks in the microwave range frequency of 160.2 GHz,
corresponding to a 1.9 mm in wavelength. The CMB was discovered by Arno Penzias
and Robert Wilson in 1964, and this discovery is considered as a landmark test of
the Big Bang model of the Universe. The two well-known radio astronomy satellites
were both devoted to studying the CMB. The COBE (Cosmic Background Explorer)
satellite, launched in 1989, has carefully measured the spectrum of the CMB, and
conclude that it is extremely close to thermal black-body spectrum at a temperature
of 2.725K. Due to the quantum fluctuations of matter from the Cosmic Inflation, the
CMB should contain very small anisotropies. These fluctuations were first detected
by the COBE, but the COBE has only measured large-scale anisotropies with an
poor angular resolution of about 7◦. In June 2001, NASA launched a second CMB
space mission, the Wilkinson Microwave Anisotropy Probe (WMAP), to make much
more precise measurements of small scale anisotropies down to angular scales of 0.2◦

over the full sky. So far, the WMAP has well measured the CMB polarization and
in particular the positions and amplitudes of the first three acoustic peaks in TT
angular power spectrum, which enable accurate testing of cosmological models [27].
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Figure 3.2: The comparison of the extragalactic radiation backgrounds [91], con-
sisting of the combined flux of all extragalactic sources.

(ii) The 21-cm Radiation. One of the most important spectral lines in as-
tronomy is the 21-cm line emission caused by a flip of the electron and proton spins
from parallel to antiparallel, corresponding to radio waves with a wavelength of 21-
cm (1.42 GHz). This “hyperfine” splitting is minuscule, so that the hydrogen is able
to emit or absorb the 21-cm line even in very cold interstellar gas clouds with tem-
peratures between 100 K to about 3000 K. In addition, the 21-cm radio emissions
can penetrate the interstellar dust clouds whereas the optical photons can not do
so because of the dust scattering off the high frequency radiations. The 21-cm line
therefore provide an important tool to map the distribution of hydrogen which is
by far most abundant in galaxies. The Doppler-shifted 21-cm lines along different
lines of sight can be used to determine the rotation curves. Moreover the redshifted
21-cm line at frequencies of 200 MHz and below has the powerful ability to probe
the processes of structure formation and to study the epoch of reionization (z <∼ 6).

(iii) Astrophysical Discrete Sources. In most cases, the extragalactic radio
sources has been modelled approximately with the same radio spectrum in the form
of Fν ∝ ν−0.7, and classified as radio-quiet AGNs, radio-loud AGNs, normal star-
forming galaxies and starburst galaxies [92].

Galactic Diffuse Foreground. The Galactic diffuse emission mostly includes
three components [93, 94]: synchrotron and free-free radiation, which are important
only at frequencies below 60 GHz, and thermal emission from dust particles, which
dominates at frequencies above 60 GHz (see Fig. 3.3). Free-free emission originates
mainly within a few hundred pc of the Galactic disk. Generally, the synchrotron
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Figure 3.3: Frequency dependence and approximate relative strength of the CMB
and Galactic three known sources of foreground emission: synchrotron, free-free, and
thermal dust emission from Ref. [94]. The composite galactic emission for two sky
cuts, retaining 77% and 85% of the sky respectively, are shown as dashed lines and
the five WMAP radiometer bands are indicated in background.

radiation is emitted by high energy electrons gyrating in the Galactic magnetic field,
while free-free emission results from the thermal bremsstrahlung from hot (≥ 104K)
electrons produced in the interstellar gas by the Galactic UV radiation field. The
dust emission arises from the thermal re-radiation of absorbed stellar light.

However, diffuse synchrotron and dust emissions can extend several kpc above the
disk. Moreover, there are hints of a possible fourth mechanism to emit microwave
radiation from rapidly spinning dust grains, though the evidence for this is still
quite tentative. In principle, it is possible to distinguish these three components by
measuring their different frequency dependence and spatial morphology. But the
frequency dependence and spatial template are not currently well known. Recently,
a global sky model with only three components was proposed [95], which can well
fit the observed all-sky Galactic foreground at any frequencies from 10 MHz to 100
GHz to an accuracy around 1% − 10% depending on the frequency and the sky
region.

Haze Signals. Recently the WMAP has revealed an excess of microwave emission
20◦ around the Galactic Center, with an approximate radial symmetry, known as
the “WMAP haze” [96, 97, 98]. Again, Fermi-LAT reported a diffuse inverse Comp-
ton signal in the inner Galaxy with a similar spatial morphology to the “WMAP
haze” [13], supporting the existence of a hard population of electrons which gen-
erate the “WMAP haze”. These two facts taken together strongly suggested that
the electrons responsible for these excess signals come from an unknown component
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with a harder spectrum than the SN shock-accelerated electrons. One of the possible
explanations is dark matter annihilation [12, 96, 99].

Future Observations. The future radio telescope is likely to revolutionize our
knowledge about the Universe, which will allow us to observe the radio sky in un-
precedented details. In space, the Planck satellite will be the third generation CMB
space mission following COBE and WMAP. It was launched on 14th May 2009 and
will produce full-sky map in nine frequency bands in the microwave regime between
30 and 857 GHz. The Planck satellite had successfully completed a second all-sky
survey by February 2010 and some preliminary results is scheduled for public release
in December 2010. The first full data release of the CMB is planned for 2012. The
basic scientific goal of the Planck mission is to measure the CMB anisotropies using
an unprecedented sensitivity and a high angular resolution of 5−10 arcminutes over
the entire sky, and thus the Planck satellite can detect the precise primordial fluc-
tuation spectrum over the range from large angular scales down to 10 arcminutes,
allowing the study of the secondary anisotropies in the CMB and the probing of
non-Gaussian features to test inflationary models of the Universe. Also the Planck
satellite can map the sky at multiple frequencies to measure the various Galactic
foreground and extragalactic background emissions. Multiple frequencies combined
with the known spectral dependence and measurements at different wavelengths
would allow us to separate various source components from each other.

In addition, there exist two ground-based radio telescopes that will be operational
in the near future. The first is the Low Frequency Array (LOFAR) [100], which is
designed to operate in the 10-240 MHz frequency range with a total collecting area
of one square kilometre. The construction of LOFAR has started in Netherlands
and Germany, and there are plans for building a similar instrument in Australia.
The LOFAR is one of the currently designed instruments with the aim to probe
the end of the dark ages and cosmic reionization by measuring the redshifted 21-cm
line emission to determine the neutral gas fraction in the Universe as a function of
redshift and angular position.

The second telescope is the Square Kilometre Array (SKA) [101], which will be
designed to operate in the whole frequency range of about 150 MHz to 22 GHz, with
a total collecting area in the order of one million square metres. The construction will
last most of the next decade. It will be an extremely powerful survey telescope with
the capability to follow up individual objects with high angular and time resolution.
The SKA will reach a point source sensitivity of 25 nJy in 1 hour of integration. The
scientific opportunities of the SKA is immense and the key science projects are as
follows: it can be used to discover tens of thousands of pulsars and black holes which
can be used to provide fundamental and detailed tests of our current understanding
of gravity; it can be used to determine the complicated processes occurring during
the epoch of reionization through redshifted 21-line emission and detect star-forming
galaxies at these redshifts through redshifted CO emission; it can be used to study
the origin and the evolution of cosmic magnetic field by measuring the Faraday

21



3. ASTRONOMICAL OBSERVATIONS

rotation, polarized synchrotron emission and the Zeeman effect.

3.2 Gamma-ray Astronomy

Gamma-ray astronomy is a rather new field compared with other astronomy field
such as the optical astronomy whereas it enjoyed rapid growth in recent decades.
Since most gamma-rays coming from space are absorbed by the Earth’s atmosphere
at high latitude (see Fig. 3.1), gamma-ray astronomy could not be developed until it
was possible to place detectors beyond atmosphere by using balloons and spacecraft.
The gamma-ray emissions from our Galaxy were first detected by a gamma-ray de-
tector aboard the OSO-3 satellite in 1967 and a concentration of gamma-rays in the
Galactic plane [102] was found. In 1972 the SAS-2 [103] satellites not only confirmed
earlier findings, but also gave the first full-sky gamma-ray image. In 1975, with rel-
atively high resolution of instruments, the COS-B satellite [104] identified 25 point
sources. The great step for gamma-ray astronomy comes from the Energetic Gamma
Ray Experiment Telescope (EGRET), which is one of four instruments added on the
Compton Gamma Ray Observatory (CGRO) satellite launched in 1991 [105]. So
far, the most surprising results were detected by EGRET. With modern gamma-ray
imaging systems and spectrometers, especially by using scintillators that convert
gamma-rays into visible photons, EGRET created a detailed full-sky gamma-ray
map in an total energy range from 30 MeV to 30 GeV, by which one was able to
solve many puzzles about gamma-rays. EGRET also provided the first accurate
measurement of the diffuse Galactic and extragalactic gamma-ray emissions, which
are tightly related with the distributions of the Galactic high energy cosmic-rays and
the origins of gamma-rays in the early Universe, respectively. Generally speaking,
energetic photons can act as an ideal carrier of information about the non-thermal
relativistic processes in astrophysical settings [106] because of their fundamental
properties: (1) they can be produced copiously in many galactic and extragalactic
objects due to effective acceleration of charged particles and their subsequent inter-
actions with the ambient gas, low frequency radiation, and magnetic fields; (2) they
can propagate freely in space without deflection in the interstellar and intergalac-
tic magnetic fields; (3) they can be detected effectively by space-borne and ground
based instruments. Therefore it is commonly believed that high energy gamma-
ray astronomy is destined to play a crucial role in the exploration of non-thermal
phenomena in the Universe in their most extreme forms.

Detection Techniques. Generally, the energy band of gamma-ray astronomy
extends over several orders of magnitude, typically from 500 keV to more than 1
TeV. Since the wavelength of gamma-rays is much shorter than the sizes of atoms in
a mirror, gamma-rays cannot be focused by reflection. Gamma-rays thus are usually
detected indirectly. For gamma-rays with energies <∼ 100 GeV, the detectors on a
satellite typically use scintillators or solid-state detectors to transform the gamma-
rays into optical or electronic signals via Compton scattering, photo-absorption,
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or pair production, which can create high-energy electrons or positrons as charged
particles interacting with the matter in the detectors. For the higher energy gamma-
rays (Eγ >∼ 100GeV), the detectors are mainly based on air Cherenkov telescopes
on the ground which can trace Cherenkov light from the air showers generated by
the high-energy gamma-rays interacting with the atmosphere.

Gamma-ray Sources. There are a number of different processes occurring in the
Universe to induce gamma-ray emissions which can serve as messengers of distant
cosmic events. Typically, there are several radiation processes to produce gamma-
rays, e.g., through inverse Compton scattering, bremsstrahlung from charged par-
ticles deflected by atomic or molecular nucleus and the decay of π0 produced by
cosmic-ray interacting with the ISM. At present, different astrophysical objects have
been observed in gamma-rays. For comprehensive reviews on this subject see e.g.
Ref. [107, 108] and we briefly summarize the most interesting sources in the follow-
ing:

1. Active Galactic Nuclei (AGNs): In general AGN refers to the existence
of energetic phenomena in the nuclei, or central regions, of galaxies that cannot
be attributed clearly and directly to stars. In some cases, the size of the AGN is
smaller than the size of our solar system. AGNs are believed to host supermassive
black holes in the mass range of 105 − 109M⊙. Although the black hole itself is
invisible, gas accreting, or falling, onto a black hole produces relativistic jets which
can be observed. When the jets are directed toward the Earth we observe strong
gamma-ray emissions with energies ranging roughly from MeV to TeV. This kind of
AGNs are referred to as blazars. Many blazars emit a significant fraction of their
radiations at energy above 100 MeV and most of gamma-rays are believed to result
from inverse Compton scattering occurring within the jets or close to the black holes.
In addition, AGNs that are very far from us are usually referred to as quasars.

2. Supernova Remnants (SNRs): SNRs are the dramatic objects produced
by the violent explosion of white dwarfs (type-I) or massive stars (type-II) at the
end of their lives. Pulsars (or neutron stars) are the remnant stars of core-collapse
supernovae and most of them are associated with type-II supernovae. Both pulsars
and ejected shells from supernovae explosions produce intense gamma-rays.

3. Gamma Ray Bursts (GRBs): GRBs are probably the most luminous
events observed in the Universe. Today, a few thousand GRBs have been observed,
mostly by the BATSE satellite experiment, whereas their origin remains a mystery.
GRBs typically are short-lived lasting from a few milliseconds to less than an hour.
For the long-duration bursts (>∼ 2s), they are associate with explosions from the
death of massive stars in a specific kind of supernova-like event commonly referred
to as a collapsar. For the short-duration bursts (<∼ 2s), the merging of binary
neutron stars to form a black hole has been suggested as a possible explanation.
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4. Other Contributions: Annihilating or decaying dark matter can act as a
potential gamma-ray source contributing to the background. However, their signals
usually are entangled with ordinary astrophysical contributions. This topic will be
further discussed in Chapters 5, 6.

Current Observations. So far, there exist many new gamma-ray telescopes
which have entered into operation in the last few years and would highly advance this
field. From the ground, new generation Imaging Atmospheric Cherenkov Telescopes
(IACTs) like MAGIC [109], HESS [110], VERITAS [111] or CANGAROO-III [112]
have contributed to our knowledge about gamma-rays above 50 GeV up to a few TeV.
In space we have the small Italian satellite AGILE [113], and the Fermi-LAT [114]
which is in operation since summer 2008 and covering energies in the range 0.02-300
GeV. We expect that the Fermi-LAT can dramatically increase the detected number
of high energy gamma-ray sources, thus having a huge development in astrophysics,
cosmology, and particle astrophysics.

3.2.1 Fermi-LAT measurements

The Fermi Large Area Telescope (Fermi-LAT) will make significant progress in un-
derstanding the high energy gamma-ray sky. In particular, Fermi-LAT has unprece-
dented angular resolution, precise energy sensitivity and wide field-of-view, covering
the energy range from below 20 MeV to more than 300 GeV. A comprehensive de-
scription can be found in Ref. [115]. The main characteristics of Fermi-LAT and the
results of 1-year operation can be briefly summarized as follows.

Since High-energy gamma-rays cannot be reflected or refracted, the Fermi-LAT
is designed as a pair-conversion telescope with converter-tracker and calorimeter
and a surrounding anti-coincident detector (ACD), the first two consisting of a 4×4
array of 16 modules supported by a low mass aluminum grid structure. The tracker
can convert gamma-rays to e+e− pairs and is followed by an array of CsI crystals to
accurately measure the energy depositions due to electromagnetic particle showers
resulting from the e+e pairs and to image the shower development profiles. Finally,
the ACD is used to provide charged-particle background rejection.

Relative to earlier gamma-ray missions, the top-level performance of the Fermi-
LAT is governed primarily by (1) a large peak effective area (∼ 8000cm2 which
is ∼ 6 times greater than EGRET’s), (2) a large field-of-view (∼ 2.4 sr, nearly 5
times greater than EGRET’s, (3) a good background selection and event quality
selection, (4) a superior angular resolution (68% containment angle ∼ 0.6◦ at 1 GeV
and ∼ 0.1◦ above 10 GeV for the front section and about a factor of 2 larger than
for the back section), (5) a fine energy resolution (∼ 10% between 0.1−10 GeV and
5% for off-axis), (6) a good point source sensitivity (∼ 3 × 109 cm2s−1 above 100
MeV), (7) improved observing efficiency (keeping the sky in the field-of-view with
scanning observations).

Consequently, data obtained with the Fermi-LAT are intended to [115] (1) per-
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mit rapid notification of high-energy GRBs and transients and facilitate monitoring
of variable sources, (2) yield an extensive catalog of several thousand high-energy
sources obtained from an all-sky survey, (3) measure spectra from 20 MeV to more
than 50 GeV for several hundred sources, (4) localize point sources to 0.3 − 2 ar-
cminutes, (5) map and obtain spectra of extended sources such as SNRs, molecular
clouds, and nearby galaxies, (6) measure the diffuse isotropic gamma-ray background
up to TeV energies, and (7) facilitate the discovery of dark matter sources.

Following its launch in June 2008, the Fermi-LAT began a sky survey in August
2008. After one year into the mission, it has already provided a wealth of informa-
tion in many areas of astrophysics. Based on a threshold likelihood test statistic of
25, corresponding to a significance of just over 4σ, 1451 sources were detected and
characterized in the 100 MeV to 100 GeV range, shown in Fig. 3.4. As expected,
the Fermi-LAT will improve our knowledge of these sources and increase our under-
standing of the shape and normalization of their contribution to the Extragalactic
Gamma-ray Background (EGB) in the near future.

The other highlight is the results on the Galactic diffuse gamma-ray emission
at energies from 100 MeV to 10 GeV at intermediate latitudes (10◦ ≤ |b| ≤ 20◦),
which is well reproduced by a diffuse Galactic gamma-ray emission model that is
consistent with local cosmic-ray spectra but inconsistent with the EGRET GeV-
excess [116, 117, 118]. In addition, the EGB is derived [119]. The component of this
diffuse gamma-ray emission is generally considered to have an isotropic or nearly
isotropic distribution on the sky. The derivation is based on detailed modelling of
the bright foreground diffuse Galactic gamma-ray emission, the detected sources and
the solar gamma-ray emission. The spectrum of the EGB is consistent with a power
law with differential spectral index γ = 2.41 ± 0.05 and intensity, I(> 100MeV) =
(1.03 ± 0.17) × 10−5cm2s−1sr−1, where the error is systematically dominated, and
not showing any excess signatures from 20 to 100 GeV (see Fig. 3.5).

3.3 Antimatter Signals

Because of CP-conservation, dark matter decay or annihilation usually produces the
same amount of particles as anti-particles. Considered that the observed astrophys-
ical antimatter backgrounds are much lower than the matter backgrounds, e.g., the
local electron fluxes are about ten times larger than the positron fluxes, the mea-
sured antimatter fluxes thus can be regarded as a ideal indicator for the signature
of annihilating or decaying dark matter. Since the end of October 2008, the new ex-
periments stirred up excitement among the astroparticle and high energy physicists.
The two startling revelations about the positron excess and antiproton-to-proton
flux reported by the PAMELA collaboration shook the world of cosmic-ray physics
and particle physics, as shortly summarized as follows:

Positron Fraction. The PAMELA data [6] covers the energy range 1.5 − 100
GeV, with significantly higher precision than other previous measurements. Two
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Figure 3.4: The First Fermi-LAT catalog (1FGL) containing 1451 sources [120].
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3.3 Antimatter Signals
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Figure 3.6: PAMELA positron fraction with other experimental data from Ref. [6].
The positron fraction measured by the PAMELA experiment compared with other re-
cent experimental data [121, 122, 123, 124, 125, 126, 127, 128]. One standard deviation
error bars are shown.

features are clearly visible in the data, shown in Fig. 3.6. At low energies (below 5
GeV), the PAMELA results are systematically lower than the data collected before,
which could due to the uncertainty from solar modulation. At high energies (above
10 GeV), the PAMELA satellite observed and convincingly demonstrated a sharp
rise of the positron fraction at energies 10−100 GeV, possibly extending toward even
higher energies. This result confirms previous measurements about the existence of
a positron “excess” from HEAT [124], CAPRICE [125] and AMS-01 [121], and in
conflict with theoretical predictions that the positron fractions are expected to fall
as a smooth function of increasing energy for pure secondary production of positrons
during the propagation of cosmic-ray nuclei in our Galaxy.

Antiproton Ratio. Conventionally, antiprotons are produced only from colli-
sions of energetic cosmic-ray particles during the propagation in the interstellar
gas. Cosmic-ray antiproton experiments can be used to probe the transport prop-
erties of cosmic-rays and search for or constrain exotic sources. In the past the
CAPRICE98 [129], HEAT [130] and MASS91 [131] balloon-borne experiments, sci-
entists have observed a total of about 80 antiprotons above 5 GeV. However, only
two cosmic ray antiprotons with a kinetic energy above 30 GeV are reported [129].
Most recently a accurate measurement about antiproton-to-proton fluxes from 1 to
100 GeV was done by PAMELA [7]. The statistics, particularly at high energies,
are significantly increased compared to all previous experiments, shown in Fig. 3.7.
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Figure 3.7: The antiproton-to-proton flux ratio obtained by PAMELA experiment [7]
compared with other measurements [129, 130, 131, 132, 133, 134, 135].

When compared with theoretical calculation for the secondary production model,
the observations are consistent very well with expected. The antiproton measure-
ments therefore place strong constraints on the dark matter interpretation of the
PAMELA positron excess, requiring the products of the annihilation/decay being
dominantly leptonic rather than hadronic.

Almost at the same time, the balloon-borne experiments ATIC [8] and PPB-
BETS [136] reported a narrow bump between 300 GeV and 800 GeV in the e+e−

spectrum, which however contradicts the smooth spectrum observed later by the
Fermi-LAT with an unprecedented accuracy [9]. Simultaneously, the HESS collab-
oration [10, 11] reported a measurement of the e+e− spectrum at energies larger
than 340 GeV up to several TeV, in agreement with the Fermi-LAT result of
a simple power law spectrum with spectral index of γ ≈ 3.0. All these obser-
vations taken together result in many proposals trying to explain them, includ-
ing the production of positrons through pair production processes in the mag-
netosphere of nearby pulsars [14, 16, 17, 137, 138] and the more appealing ex-
planations like the annihilation or decay of dark matter particles in the Galactic
halo [139, 140, 141, 142, 143, 144, 145, 146, 147, 148, 151, 152], and in turn, provide
powerful constraints on dark matter models [19, 20] (also see Chapter 5 for details).
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Chapter 4

Cosmic Ray Propagation

The Galactic cosmic-rays at energies below Z × 109 GeV (Ze is cosmic-ray electric
charge) are confined by the Galactic magnetic fields and are assumed to propagate in
a diffusive process through the Galaxy. When deflected many times by the randomly
oriented magnetic fields, the cosmic-rays lose their original direction. During their
propagation, secondary cosmic-rays, like Be, gamma rays, positrons, antiprotons and
other light elements can be produced by cosmic-rays interacting with the interstellar
medium (ISM), where cosmic-rays gain or loss energies. At present diffusion-loss
model provides the most adequate description of cosmic-ray propagation in our
Galaxy. The diffusion zone is usually assumed to be a cylinder with half-height
L of a few kpc and a radius R >∼ 20kpc. A schematic view including all the most
important propagation processes is illustrated in Fig. 4.1. The diffusion-loss equation
for particle density per unit of momentum interval n(r, p, t) can be written in the
general form [153, 154]

∂n

∂t
− Dn = Q(r, p) (4.1)

where the differential operator D is

Dn = ∇ · (Dxx∇n − Vcn) +
∂

∂p

(

p2Dpp
∂

∂p

n

p2

)

− ∂

∂p

[

ṗ n − p

3
(∇ · Vcn)

]

. (4.2)

Here, Dxx is the spatial diffusion coefficient, Vc is the convection velocity, re-
acceleration is described as the diffusion in momentum space and is determined
by the coefficient Dpp, and ṗ ≡ dp/dt is the momentum loss rate. Since we are in-
terested in relativistic electrons and positrons, we will use energy E and momentum
p indistinctly and write ne(r, E) instead of n(r, E) in the following.

When dark matter decays or annihilates into electrons or positrons, the source
term can be written as the product of two terms, one depending on the particle
property and the other on the dark matter distribution, namely

Q(r, E) =
1

2
〈σv〉

(

ρ(r)

mχ

)2
dNe(E)

dE
(4.3)
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Figure 4.1: Schematic view of the propagation of cosmic-rays in our Galaxy from
Ref. [155].

in the annihilation scenario, and

Q(r, E) =
ρ(r)

mχτχ

dNe(E)

dE
(4.4)

in the decay scenario. Here mχ is the mass of the dark matter; τχ is the its lifetime;
〈σv〉 is the annihilation cross section, and dNe/dE is the differential electron or
positron spectra per decay or annihilation.

4.1 Relevant Processes

The diffusion term reflects the spatial propagation of cosmic-rays through the tan-
gled Galactic magnetic fields. The diffusion coefficient Dxx(r, p) is assumed to be
constant within the slab considered and is described by using a rigidity dependent
function,

Dxx = βD0

(

R

GV

)δ

(4.5)

where β = v/c is the velocity and R is the rigidity of the particle defined by R =
pc/Ze in terms of momentum p and electric charge Ze. The normalization D0 and
the spectral index δ can be determined from Boron-to-Carbon ratio data [156].

For case of re-acceleration the momentum diffusion coefficient Dpp is related to
the spatial diffusion coefficient Dxx using the formula given in Ref. [157],

Dpp =
4p2v2

A

3δ(4 − δ2)(4 − δ)wDxx

, (4.6)
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4.1 Relevant Processes

where vA is the Alfven speed, and w is the ratio of magnetohydrodynamic wave
energy density to the magnetic field energy density, which characterizes the level of
turbulence. We take w = 1 (since it can be subsumed in vA). The re-acceleration
term Eq. (4.6) is restricted to a slab of scale height hreac which is in general associated
with the gaseous disk and, therefore, smaller than the scale height of the diffusive
region [158], see Tab. 4.1 below.

The convection velocity Vc is assumed to be cylindrically symmetric and to
point in the z-direction perpendicular to the Galactic plane. The divergence of this
velocity gives rise to an energy loss term connected with the adiabatic expansion of
cosmic-rays. The energy loss term ṗ is due to interactions of the cosmic-rays with
ISM, ISRF and synchrotron radiation in the Galactic magnetic field. The ionization,
Coulomb interactions, bremsstrahlung, and inverse Compton losses are also taken
into account [159] and play an important role in case of re-acceleration.

The largest uncertainties in the predicted fluxes come from poorly known prop-
agation parameters, in particular the possibility of re-acceleration of produced elec-
trons and positrons. The corresponding uncertainty can reach one order of magni-
tude. We list in Tab. 4.1 six different combinations of propagation parameters for the
models MIN, MED, MAX, DC, DR, L1 proposed in Ref. [158, 159, 160, 161, 162],
which are compatible with the observed B/C ratio. The MIN, MED and MAX
models are known to produce the minimal, medium and maximal antiproton fluxes
on Earth, respectively. The L1 model is derived from [162], in which an energy
dependent analysis of recent data about secondary/primary ratios allowed a fairly
accurate study of the diffusion parameters δ and D0/L.1 Although the main aim of
[162] was not to find a best fit model able to reproduce all the observed spectra, it is
remarkable that the diffusion parameters determined via an high energy analysis are
able to describe data down to energies of the order of 1 GeV/nucleon, and also to
reproduce with reasonable accurately the PAMELA measurements of the antiproton
flux.

Some extreme propagation models, such as the ones discussed in Refs. [163, 164,
165] which consider relatively large convection terms and anisotropic diffusion with
coefficients that are different for the radial and the cylindrical directions, should be
studied in future.

4.1.1 Boundary Conditions

In solving Eq. (4.2), traditionally, ones imposed the Dirichlet boundary condition
ne(r, z = ±L) = 0, ne(r = rmax, z) = 0, at which the particles can freely escape.
However, electrons and positrons are also produced by decays outside the diffusion

1It is a general fact that stable secondary/primary ratios do not allow to probe separately the
magnitude of the diffusion coefficient and the height of the diffusion region. Unstable/stable ratios,
such as the 10Be/9Be, can in principle provide such a discrimination. The available data on such
ratios, however, have very large errors, so that it is extremely difficult to extract information from
them.
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Model δ1 D0 R L Vc dVc/dz Va hreac

[kpc2/Myr] [kpc] [kpc] [km/s] km/s/kpc [km/s] [kpc]
MIN 0.85/0.85 0.0016 20 1 13.5 0 22.4 0.1
MED 0.70/0.70 0.0112 20 4 12 0 52.9 0.1
MAX 0.46/0.46 0.0765 20 15 5 0 117.6 0.1
DC 0/0.55 0.0829 30 4 0 6 0 4
DR 0.34/0.34 0.1823 30 4 0 0 32 4
L1 0.5/0.5 0.1523 20 4 0 0 10 4

Table 4.1: Typical combinations of diffusion parameters that are consistent with the
B/C analysis. The first three propagation models correspond respectively to minimal,
medium and maximal primary antiproton fluxes, abbreviated by MIN, MED, and
MAX, respectively. In the DC model, the secondary e±, p and p̄ fluxes fit the data
well, and the DR model can easily reproduce the energy dependence of the B/C data,
while the L1 model can provide a good description of B/C, p̄/p and data on other
secondary/primary ratios above 1 GeV/n.
1 Below/above the break in rigidity at R = 4 GV.

zone in the Galactic halo. In this environment, they can propagate along straight
lines since inverse ultra-relativistic inverse Compton scattering on low energy pho-
tons is boosted in the extreme forward direction. The energy loss time of electrons
and positrons in a radiation field of energy density uγ is

tloss(E) = − E

dE/dt
≃ 6.5 × 1015

(

GeV

E

)

( uγ

eV cm−3

)−1

s

≃ 1016

(

GeV

E

)

s , (4.7)

where the latter expression is often assumed throughout the Galaxy [166].
Furthermore, since uγ ≃ 1 eV cm−3 and becomes eventually dominated by the

CMB far above the Galactic plane, according to Eq. (4.7) the energy loss length is
≥ 100 kpc up to TeV energies. Thus, energy loss can be neglected on halo scales.
At cylindrical distance r from the Galactic center, the total flux from the halo into
the diffusion zone at its boundary at z = ±L is given by

je(E, ρ)halo ≃ 1

4π

1

mXτX

dNe

dE
(E) (4.8)

×
∫ π/2

0

dθ cos θ sin θ

∫ 2π

0

dφ

∫ ∞

0

ds ρX

(

√

r2 + L2 + l2 + 2s(r sin θ sin φ + L cos θ)
)

,

where the dark matter profile ρX(r) is assumed to be spherically symmetric and
dNe/dE is the spectrum of positrons/electrons per dark matter particle decay.

In Eq. (4.8), the integration is performed over the hemisphere above or below
the diffusion zone where the flux from a given direction is a line of sight integral
over s.
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Figure 4.2: The dependence of electron density at Earth on boundary conditions
in the MIN propagation model, for injection of one electron of 500 GeV energy. The
red line refers to the Robin boundary condition Eq. (4.9), and the green one to the
Dirichlet condition.

Continuity of the flux at the diffusive halo boundary then requires

|Dzz(E, r,±L) ∂zne(E, r,±L)| =
c0

4
ne(E, r,±L) − je(E, r)halo , (4.9)

where ne(E, r, z) is the local electron plus positron density per unit energy whose
distribution is simulated in the propagation code. Eq. (4.9) then determines the
boundary condition for the numerical simulation of the electron-positron distribu-
tion. Although we use this third type boundary condition at z = ±L instead of
the Dirichlet boundary condition, the Dirichlet boundary condition turns out to be
a very good approximation since most decays occur within 1 kpc from the Galac-
tic center. For example, in the MIN model, considering the halo contribution, the
electron/positron fluxes would increase by only 10% in Fig. 4.2, and in other prop-
agation models with a larger diffusion zone the enhancement is negligible, as one
would expect. We thus impose the Dirichlet boundary condition in the following
calculations.

4.1.2 Magnetic Field and Photon Energy Density

Various techniques have been applied to the determination of the Galactic magnetic
field. Detailed analysis of the rotation measures and dispersion of pulsar emission
has been carried out [167, 168]. The work presented in Ref. [169] which is based on
the large-scale data set on starlight polarization [170] with nearly 7000 stars show
that the local field is parallel to the Galactic plane and follows the local spiral arms.
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Figure 4.3: The interstellar photon energy density as function of r at z = 0 and as
function of z at ρ = 0. The contributions from stellar radiation, magnetic field from
Eq. (4.11) and from Eq. (4.10) as well as from the CMB are shown from top to bottom
on the left side.

A smooth Galactic magnetic field is also consistent with the conclusions of Ref. [169]
and can be parametrized as

B(r, z) = 6 e(−r/20kpc)e−|z|/5kpc µG. (4.10)

Random fluctuations are not included in the model. In order to quantify the influ-
ence of uncertainties of the Galactic magnetic field on dark matter constraints, a
second magnetic field model is also considered, which is parametrized by

B(r, z) = 5 e(−(r−8.5kpc)/10kpc)e−|z|/2kpc µG, (4.11)

The value of these parameters are adjusted to match the 408 MHz synchrotron
distribution [171].

The magnetic field profile close to the Galactic Centre is quite uncertain and
could be considerably higher than a few µG [172]. However, it is unlikely to influence
the predicted signals such as synchrotron radiations beyond ∼ 5◦ of the Galactic
center.

The ISRF distribution can be derived based on the IRAS (Infrared Astronomy
Satellite) and COBE infra-red data as well as by using information on the stellar
luminosity function. A sophisticated ISRF model is proposed in the GALPROP
code [171]. In this model, the ISRF energy density is about 10 eV/cm3 near the
center and 5 eV/cm3 at the solar position.

In Fig. 4.3 we show the spatial distribution of photon energy density includ-
ing CMB and magnetic field. For the electrons and positrons with energy above
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1 GeV, inverse Compton scattering dominates electron energy loss since the stellar
energy density urad is always much larger than the magnetic field energy density uB.
Since the synchrotron and inverse Compton processes have similar energy loss rates,
the cooling time of electrons and positrons therefore are almost independent of the
magnetic field. In other words, at very high energies where the diffusion length be-
comes large compared to the energy loss length, the number density of electrons and
positrons is approximately determined by the strength of the interstellar radiation
field only.

4.1.3 Gas Density

The production of secondary cosmic-rays species and energy losses also depend on
the distribution of interstellar medium gas. The dominated component of this gas is
hydrogen which consists of three different components, i.e. hydrogen HI, molecular
hydrogen H2 and ionized hydrogen HII, with distinctly different distributions. In
general, molecular gas H2 concentrates mostly in the Galactic plane and atomic
hydrogen HI distribute more broadly, while a relatively small abundance of ionized
hydrogen HII has a very broad distribution. A simple but good fit to HI distri-
bution is parameterized as an exponentially decreasing function of the halo height
and can be represented by

nHI(R, z) = nHI(R)e− ln 2·(z/z0)2 , (4.12)

where nHI(R) is taken from [173] , and z0 increase exponentially in the width of the
HI layer outside the solar circle [174], namely

z0(R) =

{

0.25 kpc, R ≤ 10 kpc ;
0.083 e0.11R kpc, R > 10 kpc .

(4.13)

For molecular hydrogen H2, the distribution can be well fitted by using the CO
surveys [175]:

nH2
(R, z) = nH2

(R) e− ln 2·(z/70 pc)2 . (4.14)

For ionized hydrogen HII, we use a two-component model of extensive warm
ionized gas added to a second component concentrated around R = 4 kpc [176, 177]:

nHII = 0.025 e−
|z|

1 kpc
−( R

20 kpc)
2

+ 0.2 e−
|z|

0.15 kpc
−( R

2 kpc
−2)

2

cm−3 . (4.15)

A temperature of 104 K is assumed to compute Coulomb energy losses in ionized gas.
The schematic radial distribution of the three components of hydrogen at Galactic
plane is shown in Fig. 4.4. Finally, the He/H ratio of the interstellar gas is taken
as a fixed number 0.11 by using recent photospheric determinations [178].
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Figure 4.4: The radial distribution of the three components of hydrogen as a function
of the radius at z = 0 from Ref. [159]

4.2 Numerical Solution

In order to solve the diffusion equation in chapter 5, we have developed our own
numerical code. The main features are the same as in the GALPROP code [159]. We
discretize the parameter space (r, p, t) using cylindrical coordinates for the position
in the galaxy r = (r, z). The diffusion zone is confined to be a flat cylinder with
radius rmax and height 2L. The number of bins used for the simulations usually is
60 in r and z and 80 in p (this last one in logarithmic scale). Neumann boundary
conditions are imposed at the origin (r = 0, p = 0) since there is no net flux
across these interfaces. In this point our code differs from GALPROP, since there
no boundary conditions in p are used. Our code should then provide more accurate
solutions at very low energies.

We impose Dirichlet boundary conditions at the external surface of the diffusion
zone by setting the electron/positron density to zero there. However, electrons are
also produced outside the diffusion zone and some of them propagate into this region
again. Because of this, the number of electrons in the stationary solution (within
the diffusion zone) would be in reality a bit higher than our numerical results. In
order to quantify this effect, a more consistent boundary condition is investigated
in Sect. 4.1.1

The stationary solution is looked for by using the Crank-Nicholson implicit up-
dating scheme. The time intervals start with 108 year and are decreased to refine
the solution up to a minimum of 102 years. We have cross-checked our results using
GALPROP in a number of relevant examples and found the agreement satisfac-
tory. Especially, our own code have strong improvement in convergence behavior
for mono-energetic injection spectra.
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4.3 Analytical Solution

We present the analytical solution of the propagation equation with both the Green’s
function formalism and the Bessel-Fourier method, for a given source Q(r, E). For
the Galactic dark matter annihilating into electrons and positrons, the advantage of
Green’s function is that it can be easily applied to the case of substructure halos in
our Galaxy, and the Bessel-Fourier method is suitable for smooth host dark matter
halo. These analytical schemes can be directly applied in chapter 6.2

4.3.1 Green’s Function Scheme

If we neglect the convection and re-acceleration terms which are only relevant for
electrons and positrons below 10 GeV [179], and assume that spatial diffusion and
energy loss coefficients are spatially independent, in the steady state ∂n/∂t ≡ 0, the
free-space Green’s function [77] for Eq. (4.1) is

Gfree [r, r′, λD(E,E ′)] =
1

b(E)

1

(πλ2
D)3/2

e−(r−r
′)2/λ2

D , (4.16)

where we have defined the diffusion length as

λ2
D(E,E ′) ≡ 4

∫ E′

E

D(E)

b(E)
dE = 4D0

GeV

b0

(

(E/GeV)δ−1 − (E ′/GeV)δ−1

1 − δ

)

, (4.17)

which is the average distance e+e− diffuse through during their energy loss time.
Here we use b(E, r) = b0 E2 [for a more complicated treatment of energy loss see
Ref.[180]] assuming Thomson limit in energy losses. Then, the Green’s function
satisfying appropriate boundary conditions can be obtained by considering a series
of image charges at positions xi = x, yi = y, zi = (−1)iz +2i ·L. One can verify that

G2L(r, r′, λ) =
∞

∑

i=−∞

(−1)iGfree(r, r
′
i, λ) (4.18)

fulfills the Dirichlet boundary condition. Thus, the general solution to Eq. (4.1), in
the limit of time-independent sources and electron/positron number densities which
already reached equilibrium, is given by

ne(r, E) =
1

b(E)

∫

d3r′
∫ ∞

E

dE ′G2L(r − r′, λD(E,E ′))Q(r′, E ′) . (4.19)

4.3.2 Bessel-Fourier Scheme

Alternatively, for primary electrons and positrons from the smooth host dark matter
halo, the Bessel-Fourier scheme [156, 181] can require less computational time than
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the Green’s function. The electron and positron number density after propagation
can be expressed as

ne(r, z, E) =
1

b(E)

∫ Mχ

E

dE ′ dNe(E
′)

dE
I(r, z, E,E ′), (4.20)

where dNe(E
′)/dE is the annihilation spectrum into electrons and positrons at en-

ergy E ′ and I(r, z, E,E ′) is the halo function defined by

I(r, z, E,E ′) =
∑

i

∑

n

J0

(αir

R

)

sin

[

nπ(z + L)

2L

]

e
−

»

(nπ
2L )

2
+

α2
i

R2

–

λ2
D
4 Ri,n . (4.21)

Here, Ji denotes the i-th order Bessel function of the first kind and the αi are the
zeros of the Bessel function J0, while Ri,n are the coefficients of the Bessel-Fourier
transform of the source term Q(r, z, E):

Ri,n(E) =
2

J1(αi)2LR2

∫ R

0

rdr

∫ L

−L

dzJ0

(αir

R

)

sin

(

nπ(z + L)

2L

)

Q(r, z, E) .

(4.22)
Empirically, Eq. (4.21) converges rapidly if the diffusion length λD > 1 kpc.
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Chapter 5

Dark Matter Signatures in
Radiation and Cosmic-Ray Fluxes

In this chapter we develop a general formalism to derive information and constraints
on dark matter decaying models. We focus on three observables, namely the cos-
mic positron flux on Earth, the synchrotron radiation from electrons and positrons
in the Galactic magnetic fields and the gamma-ray emissions from electrons and
positrons from inverse Compton scattering (ICS) in the interstellar radiation field
(ISRF) and the interstellar medium (ISM) to produce bremsstrahlung emissions.
Each observable is supported by data. In 2008, the positron flux has been carefully
measured by the PAMELA collaboration [7, 6]. For the synchrotron radiations, our
analyses are based on three full-sky maps at 408 MHz [182], 1.42 GHz [183] and 22
GHz [184]. For gamma-ray emissions we use the recent Fermi-LAT results, which
measured full-sky gamma-rays at the energy range between 30 MeV and 300 GeV.
Usually, constraints are derived in the literature for specific dark matter scenarios
with given decay spectra and branching ratios into the final state products. How-
ever, since the propagation equation is linear with respect to the electron density,
each injected electron energy evolves independently. Therefore, with a finite number
of numerical simulations at different injected energies we can construct a numerical
response function of the signal to background ratio. These response functions only
depend on astrophysical parameters such as the cosmic-ray propagation model and
the dark matter halo profile, but not on the microscopic decay scenario. Constraints
can then be simply obtained by requiring that the convolution of the response func-
tions with a given dark matter decay spectrum be smaller than the product of decay
time in 1026s and mass in 100GeV. These results were published in Ref. [19, 20].
This universal method can also be applied for annihilating dark matter scenario.

5.1 Estimation of Dark Matter Signals

In this section, we give some simple estimates of positron, synchrotron and gamma-
ray fluxes before embarking on a more detailed calculation of the response functions.
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5. DARK MATTER SIGNATURES IN RADIATION AND
COSMIC-RAY FLUXES

Electron/Positron Fluxes

The energy loss time of electrons and positrons in a radiation field of energy density
uγ is given in Eq. (4.7). The confinement time due to diffusive propagation in the
Galaxy is similar to the confinement time of hadronic cosmic-rays which at GeV
energies can be estimated from secondary beryllium isotopes in the Galactic cosmic-
ray flux [185],

tconf(E) ≃ 3 × 107 y ≃ 1015 s . (5.1)

This is consistent with the diffusion time tdiff(E) ≃ h2/K(E) in a galactic disk of
height 2h ∼ 4 kpc with the diffusion constant [166]

K(E) ≃ 3 × 1027

(

E

GeV

)0.6

cm2 s−1 , (5.2)

which yields

tdiff(E) ≃ 3 × 1015

(

h

2 kpc

)2 (

E

10 GeV

)−0.6

s . (5.3)

The effective lifetime of electrons and positrons is thus τe(E) ≃ min [tloss(E), tdiff(E)].
At E ≃ 10 GeV this is, therefore, τe(10 GeV) ≃ 1015 s.

The differential flux of electrons and positrons je(E) per energy interval from
dark matter of mass mX and lifetime τX which produces on average Ye(E) electrons
and positrons per decay and has a local density ρX can thus be estimated as

E2je(E) ≃ E
c0

4π

ρX

mX

Ye(E)

τX

τe(E) (5.4)

≃ 7 × 10−3
( ρX

0.3 GeV cm−3

)

(

Ye(E)E

mX

) (

τe(E)

1015 s

) (

1026 s

τX

)

GeV cm−2 s−1 sr−1 .

Here, Ye(E)(E/mX) ≤ 1 depends on the particle physics of the decays and could be
of order unity.

The observed flux of electrons and positrons at E ≃ 10 GeV is [9, 166, 186]

E2jobs
e (E) ≃ 2 × 10−3 GeV cm−2 s−1 sr−1 . (5.5)

The gravitino dark matter model discussed in Ref. [187] was constructed such that
the gravitino decays could explain the EGRET excess, leading to mX ≃ 150 GeV,
τX ≃ 1026 s. Comparing Eq. (5.4) with Eq. (5.5) shows that the electron-positron
flux produced by the decays can be comparable to or even exceed the locally observed
electron-positron flux. A more detailed numerical simulation is, therefore, called for.

Indirect effects such as radio emission in the Galactic magnetic field, can give
complementary constraints since they are sensitive not only to the local electron-
positron flux but also to the electron-positron flux induced by dark matter decay
in remote parts of the Galaxy which is not directly measurable. We, therefore, now
turn to radio signatures.
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Radio Fluxes

The power per frequency interval emitted by an electron or positron of energy E in
a magnetic field B, averaged over magnetic field directions, is given by [188]

P (ν, E) =
2
√

3e3B

me

x2

{

K4/3(x)K1/3(x) − 3

5
(K2

4/3(x) − K2
1/3(x))

}

, (5.6)

where e and me are the electron charge and mass, respectively, and we have abbre-
viated x = ν/(2νc) where the critical frequency is

νc(E) =
3

4π

eB

me

(

E

me

)2

= 966

(

B

6µG

) (

E

100 GeV

)2

GHz . (5.7)

For ν >∼ 10 MHz self-absorption is negligible and the emitted radio intensity J(ν) in
units of power per frequency interval along a given line of sight is then given by

J(ν) =

∫

ds

∫

dEje(E)P (ν, E) , (5.8)

where s is the distance along the line of sight. Inserting Eq. (5.6) with the approxi-
mation 2x2{...} ∼ δ(2x − 1.5) simplifies Eq. (5.8) to

νJ(ν) ≃ 3e7/2

4(π · 0.29)1/2

ν1/2

m
5/2
e

∫

dsB(s)3/2
[

E2je(E)
]∣

∣

Ec(ν)
, (5.9)

where the critical energy

Ec(ν) =

(

4π

3 · 0.29

m3
e

e

ν

B

)1/2

= 5.9
( ν

1 GHz

)1/2
(

B

6 µG

)−1/2

GeV (5.10)

is the inversion of Eq. (5.7). Assuming the magnetic field approximately constant
out to a distance d, for example for about 10 kpc towards the Galactic anti-center,
Eq. (5.9) can be quantified as

νJ(ν) ≃ 2.6 × 10−4
( ν

GHz

)1/2
(

d

10 kpc

) (

B

6 µG

)3/2
[

E2je(E)
]∣

∣

Ec(ν)
. (5.11)

Inserting now the estimate Eq. (5.4), we obtain

νJ(ν) ≃ 2.9 × 10−9
( ν

GHz

)1/2
(

d

10 kpc

) (

B

6 µG

)3/2

(5.12)

×
(

Ye(E)E

mX

) (

τe(E)

1015 s

) (

1026 s

τX

)

erg cm−2 s−1 sr−1 .

This is comparable to or higher than the measured high Galactic latitude radio flux,
which is of order 10−9 erg cm−2 s−1 sr−1 at GHz frequencies.
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Inverse Compton Gamma-ray Fluxes

For relativistic electrons and positrons with energy E up scattering background
photons from energy ǫ to Eγ, the emitted inverse Compton power per energy interval
is

PIC(Eγ, E) = Eγ

∫

dǫ n(ǫ)
dσ

dEγ

(Eγ, ǫ, E) , (5.13)

where n(ǫ) is the differential ISRF photon number density, while the differential cross
section (dσ/dEγ)(Eγ, ǫ, E) is given by the Klein-Nishina formula [189]. Folding PIC

with the spectral distribution of the equilibrium number density of electrons and
positrons, we get the emissivity of IC photons of energy Eγ,

jIC(Eγ) =

∫

dE ne(E) PIC(Eγ, E), (5.14)

which yields the IC intensity at energy Eγ by the line-of-sight integral

IIC(Eγ) =
1

4π

∫

dℓ jIC(Eγ, r) . (5.15)

The IC intensity from the electrons and positrons can be simplified to

IIC(l, b, Eγ) =
1

4π

∫

dE PIC(Eγ, E) σe(l, b, E) , (5.16)

where σe(l, b, E) denotes the column density of electrons by the line-of-sight integral
of ne at a direction (l, b).

There is a well known “delta-function approximation” where an electron with
energy E inverse Compton scattering black-body photons with temperature T emits
photons with a characteristic energy Eγ in both the Thomson and extreme Klein-
Nishina limits [190], i.e., PIC(Eγ, E) = PIC(E)δ[Eγ − Ec(E)], where PIC(E) is the
total IC energy loss rate of the electron. The numerical calculations show that
Ec(E) may be approximated by Ec(E) ≃ 4kBT (E/me)

2 and in the Thomson regime
one has PIC(E) = (16e4π/3)ubE

2/m4
e, where e is the electron charge and ub is the

background photon energy density. Eq. (5.16) can thus be simplified to

IIC(l, b, Eγ) =
1

16π
σe(l, b, E)

mePIC(E)
√

EγkBT
, (5.17)

where the electron/positron energy E is related to the gamma-ray energy Eγ through
the following condition: Eγ = Ec(E). This relation reproduces the known slope

IIC(Eγ) ∝ E
−(s−1)/2
γ for an electron spectrum of σe(E) ∝ E−s. In the Thomson

limit and for our choice of monoenergetic injection of electron-positron pairs, the
index s ≃ 2 in the stationary situation if the energy loss term dominates on the right
hand side of Eq. (4.2), as is usually the case for electron energies above 10 GeV.

We now turn to more detailed numerical calculations of the signals induced by
dark matter decay.
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5.2 Building Response Function

The source term for positrons/electrons due to decaying dark matter particles with
mass mχ and lifetime τ is given by

Q±(r, E0) =
ρX(r)

mXτX

dN±

dE0

, (5.18)

where mX is the dark matter particle mass and τX its lifetime, ρX(r) is the dark mat-
ter density profile in our Galaxy, and dN±/dE0 is the spectrum of positrons/electrons
per dark matter particle decay. Consider the stationary solutions nE0

± (r, E) to the
propagation equation in Eq. (4.2) for monochromatic injection of positrons or elec-
trons at E0, i.e. the Green’s function satisfying

− DnE0

± (r, E) =
ρX(r)

mXτX

δ(E − E0) . (5.19)

The solution of Eq. (4.2) for an arbitrary spectrum dN±/dE0 can then be written
as

n±(r, E) =

∫

dE0 nE0

± (r, E)
dN±

dE0

. (5.20)

The intensity signals, such as ICS gamma-ray fluxes and radio emissions due
to injected mono-energetic electrons and positions at energy E0 from dark matter
decay inside of our Galaxy, arriving to the earth from a direction Ω characterized
by galactic coordinates Ω = (l, b) is given by

JE0(Ω, Eph) =
1

4π

∫

l.o.s.

ds

∫

me

dE nE0

e (r, E)P (Eph, E) . (5.21)

Here P (Eph, E) is the differential photon emissivity at energy Eph and the spatial
integral is along the line of sight. For an arbitrary injection spectrum dNe/dE0 the
intensity of signals at energy Eph is then obtained by

J(Ω, Eph) =

∫

me

dE0J
E0(Ω, Eph)

dNe

dE0

. (5.22)

Conventionally, ones use frequency ν instead of notation Eph for radio emission and
Eγ for gamma-ray flux. It is then convenient to introduce the response functions
for positrons Fp(E; E0) and for synchrotron emission Fr(Ω, ν; E0) as the ratio of the
numerically computed nE0

+ (E) and JE0(Ω, ν) respectively, to the observed fluxes as

Fp(E; E0) =
nE0

+ (rearth, E)

nobs
+ (E)

( τX

1026 s

) ( mX

100 GeV

)

, (5.23)

Fr(Ω, ν; E0) =
JE0(Ω, ν)

Jobs(Ω, ν)

( τX

1026 s

) ( mX

100 GeV

)

. (5.24)
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Apart from the injection energy E0, the synchrotron response function Fr(Ω, ν; E0)
depends on the observed frequency ν and the direction in the sky Ω, whereas the
positron response function Fr(E; E0) depends on the observed positron energy E.
In the latter case, we use the PAMELA data to get our constraints. It consists of
seven different energies so we can construct seven different response functions, see
Section 5.4. The synchrotron case is more complicated since in principle there are
infinite directions to look at, and the optimal direction will depend on the injected
spectrum dNe/dE0 and the observed frequency. We discuss this case in the next
section.

For the gamma-ray case, taking into account that the statistics is very important
for gamma-rays but negligible for radio fluxes, we introduce response functions,
which are functions of the electron injection energy and are associated to gamma-
ray observations in a sky patch ∆Ω and in an energy band E0 ≤ Eγ ≤ E1:

FE0:E1

γ (∆Ω; Ee) ≡
∫ E1

E0
dEγ

∫

∆Ω
dΩJICS(Ω, Eγ ; Ee)

JE0:E1

obs (∆Ω) + 2 · δJobs

( τχ

1026 s

)( mχ

100 GeV

)

, (5.25)

where JICS(Ω, Eγ ; Ee) is calculated from monochromatic injection spectrum accord-
ing to Eq. (5.21) and we adopt the conservative attitude of adding the 2σ error to
the central value. These response functions depend neither on τX nor on mX and
constraints on a given dark matter decay model can then be easily cast in the form

∫ mX

me

dE0 Fp(E; E0)
dN+

dE0

≤
( τX

1026 s

) ( mX

100 GeV

)

,

∫ mX

me

dE0 Fr(Ω, ν; E0)
dNe

dE0

≤
( τX

1026 s

) ( mX

100 GeV

)

,

∫ mχ

me

dEe FE0:E1

γ (∆Ω; Ee)
dNe

dEe

≤
( τχ

1026 s

) ( mχ

100 GeV

)

. (5.26)

The desired response functions can be computed numerically by using the meth-
ods of [159, 186]. In order to do so, we have developed our own numerical code.
Details on our code and computations are described in Sect. 4.2.

Let us once more stress that our response functions do not depend on the specific
decay spectrum, but still depend on the characteristics of propagation model and
dark matter distribution. We use different halo models, always normalized such that
ρ(rearth) = 0.3 GeV cm−3. For other normalizations ρ(rearth), our response functions
have to be multiplied by ρ(rearth)/0.3 GeV cm−3.

5.3 Response Function for Radio Signals

In this section we compute the radio emission induced by dark matter decay and
establish the response function by comparison with radio observations. As can be
seen from Eq. (5.7), the radio frequencies relevant for our study are between 0.1 and
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Figure 5.1: Maps of the radio sky at frequencies 408 MHz, 1.42 GHz, and 23 GHz,
from the top left and moving clockwise [182, 183, 184]. The color scaling is the
logarithm to the base 10 of the flux in erg/s/cm2/sr.

a few 100 GHz. Although the CMB would dominate the radio sky at frequencies
above ≃ 1 GHz, this signal can be removed from the foreground based on the
sensitive multi-frequency survey performed by the WMAP satellite. In Fig. 5.1, we
show the full sky surveys at the frequencies 408 MHz [182], 1.42 GHz [183], and
23 GHz [184]. We do not use the higher frequency channels (33 GHz, 41 GHz, 61
GHz, 94 GHz) observed by WMAP, as they are considerably more noisy and less
robust to foreground subtraction than the lower frequency bands. In addition, we
smoothed all maps to angular resolution of 1◦.

Furthermore, the use of the WMAP haze map (see Sect. 3.1 in details) with sub-
tracted “known” foregrounds could further strengthen our constraints on decaying
dark matter easily by an order of magnitude as has been shown already in the case
of dark matter annihilation in [191]. We have, in fact, also performed this anal-
ysis and found the same order of magnitude improvement in the constraints than
Ref. [191]. However, it should be kept in mind that the astrophysical backgrounds
themselves depend to some extent on the not very well known the Galactic magnetic
field and cosmic ray propagation parameters. Therefore, in this section we want to
be conservative so we do not present response functions Fr based on the haze maps
or other background subtractions. The subtraction of foregrounds will be improved
by forthcoming radio data from Planck and at low frequencies from LOFAR and, in
a more distant future, from SKA.
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5.3.1 Radio Emission from Dark Matter Electrons

In Fig. 5.2 we show the radio emission from dark matter decay for the five propaga-
tion models of Tab. 4.1 and for the three halo density profiles of Tab. 2.1. For the
sake of illustration, we adopted a dark matter of 100 GeV, a lifetime of 1026 s, and
we use a decay spectrum dNe/dE = δ(E −mX) such that the total energy goes into
one electron.

From our numerical calculation illustrated in Fig. 5.2, it is clear that the largest
uncertainty of synchrotron radiation comes from the propagation models. The av-
erage radio flux can differ by a factor of ten. For the MIN model, since the height of
the diffusion zone is smallest, most of the radio emissions occurs at low latitudes. In
other propagation models the radio emission is more extended because of the larger
diffusion coefficient and the larger scale height of the diffusion zone which leads to
more dark matter decays contributing.

Compared to the diffusion models MIN, MED and MAX, the DC and DR models
always produce smaller signals over the whole diffusion zone. This is mostly due to
the larger diffusion coefficient which allows the electrons to escape more easily from
the diffusion zone corresponding to fewer confined electrons. Meanwhile, the power
of re-acceleration, described by Dpp in Eq. (4.2), is also weaker since it is inversely
proportional to the diffusion constant (Dpp ∝ D−1

xx ), see Eq. (4.6). This implies that
re-acceleration plays an important role in propagation models.

We also study the variation of the synchrotron emission due to different halo pro-
files. In general, decaying dark matter with the NFW profile produces the largest
average diffuse radio signals due to the relatively steeper slope of the density dis-
tribution. For the other two profiles the emissions are comparable with each other.
Since the decay rate is only proportional to the density, uncertainties from the halo
profiles do not alter the resulting dark matter constraints significantly. We do not
take into account any possible small-scale structure of dark matter halos since due
to the linear scaling of injection rates with dark matter density it has much smaller
influence on fluxes than in annihilation scenarios.

5.3.2 Response Functions

Assuming a propagation model and dark matter profile, the radio emission produced
by dark matter decay can be obtained for any given decay spectrum. Then an excess
map can be calculated in comparison with observed radio maps, defined as the map
of the ratio of predicted to observed radio flux in a given direction. One can scan
the whole excess map pixel by pixel until the largest excess is obtained. This pixel,
therefore, corresponds to the optimal direction for observation.

Figure 5.3 shows several examples of these excess maps at the frequencies 408
MHz, 1.42 GHz, and 23 GHz, respectively. For the sake of illustration, we assumed
dark matter particles with mX = 100 GeV with an NFW halo profile and decaying
into one monochromatic electron or positron. The most important feature in Fig. 5.3
is that the best directions for dark matter constraints do not point towards the
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Figure 5.2: Model dependence of radio signatures at 1.42 GHz induced by decays
of dark matter particles with mX = 100 GeV, τX = 1026 s, for an injection spectrum
dNe/dE = δ(E−mX). Results for the five different diffusion models of Tab. 4.1 (from
top to bottom: MIN, MED, MAX, DC and DR) and for the three dark matter halo
profiles of Tab. 2.1 (from left to right: Kra, Iso and NFW) are shown. The color
scaling corresponds to the logarithm to the base 10 of the flux in erg/s/cm2/sr. Note
that the color scale corresponds to the same flux range in all panels for convenient
comparison.
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Figure 5.3: Excess maps, i.e. contours of predicted to observed radio flux, for
decaying dark matter with mX = 100 GeV, τX = 1026 s, and an injection spectrum
dNe/dE = δ(E − mX). Results for the five different diffusion models (from top to
bottom) of Tab. 4.1 and for three survey maps at 408 MHz, 1.42 GHz and 23 GHz
(from left to right) are shown. Note the logarithmic color scaling for the excess, where
warmer color indicates larger excesses.
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Galactic center region. Although the dark matter signal close to the center is always
larger than elsewhere, the observed background flux overcompensates it. Moreover,
the optimal direction is not the anti-center where backgrounds are the smallest. The
optimal directions tend to be not far from the center, and most of them concentrate
in the southern hemisphere as many complex components such as giant molecular
clouds and the north polar spur inhabit the northern hemisphere. The location of
the warmest color which indicates the largest excess not only depends on which
propagation model and halo profile is assumed, but also depends on frequency.

For constructing the response function, we have to perform different simulations
with mono-energetic energy spectra at different injected energies E0. For each of
the resulting excess maps the optimal direction for observation is slightly different.
We do not want to provide more than one response function per observed frequency
so we have to fix one particular direction. In order to do so, we add up all the
excess maps for different energies and search for the optimal direction. The selected
direction is then optimized for a perfectly flat spectrum whereas it may be a bad
choice for strongly peaked or hard spectra. Fortunately, our calculations show that
different selections for the optimal directions do not change the response function
dramatically, at most by a factor of two in the worst scenarios.

Figure 5.4: The model dependence of the response function based on radio emission,
F J

r , is shown. The response function based on the observed radio sky at 408 MHz,
1.42 GHz and 23 GHz (from left to right), respectively, are given. The red, green,
blue, magenta and black bands denote the MIN, MED, MAX, DC, and DR models
of Tab. 4.1, respectively. The width of the bands represents the variation within
the Kra, Iso and NFW halo profiles of Tab. 2.1. The optimal directions are (l, b) =
(291◦,−13.9◦), (291◦,−13.9◦), (233◦, 25◦) for the three considered radio frequencies,
respectively. Analytical fits to these curves are presented in Ref. [19].

In Figure 5.4 we present our response functions for the three synchrotron fre-
quencies, showing the dependence on the propagation models and halo profiles. The
optimal directions are shown in the caption. As indicated before, the uncertainty of
the response function is dominated by the propagation model whereas the influence
of the dark matter halo profile is small. This is because the best direction points far
from the Galactic center, see Fig. 5.3, where the different halo models considered
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are similar. On general grounds, if the optimal direction is close to the Galactic
center, the excess emission will be more sensitive to the halo profile since there the
dark matter density is more uncertain in the absence of sufficiently high resolution
numerical simulations.

As shown in Fig. 5.4, for the radio excess maps, the MAX propagation model
always gives the strongest constraints. The DC and DR models, which exhibit
similar behavior, one clearly sees an exponential cut off at low injection energies,
whereas the response functions for the MIN, MED and MAX models are dropping
more slowly with decreasing energy. This is not surprising since, in the latter case, re-
acceleration shifts lower energy electrons to higher energies. The drop at low energies
in these models is strongest at the highest frequencies at which re-acceleration of
the corresponding higher energy electrons is less efficient. We note that in order to
reproduce the observed B/C data, the re-acceleration zone in the MIN, MED and
MAX models should be limited to a slab of height hreac ≃ 0.1 kpc, comparable to
the height of the gaseous disk. If the re-acceleration region would extend to the full
height L of the diffusive region, the response function would be flatter and its values
would be higher by about a factor of 3 above a few tens of GeV.

To illustrate these points we show in Fig. 5.5 electron spectra in the galactic
disc at 1 kpc from the center and 0.2 kpc above the disk, for different propagation
models and injection energies. When re-acceleration is included, we get a noticeable
bump in the spectrum at a few GeV. Above these energies, the energy loss generated
from inverse Compton scattering and synchrotron emission dominates over energy
gain by re-acceleration, and below a few GeV, re-acceleration overcompensates the
energy losses. Thus a visible bump appears when the electrons accumulate in an
energy region where re-acceleration and energy losses offset each other. It seems
that the amplitude and the position of the bump is independent of the injection
energy below a few GeV. The large amount of electrons and positrons accumulating
in this bump region induce most of the radio signals around GHz frequencies. That
is why the shape of the response function drops more gradually in the lower energy
region in the MIN, MED and MAX models compared to the exponential drop in the
DC and DR models.

In the DC model, due to the absence of re-acceleration, the energy spectra ap-
pear as a sawtooth shape as the number of propagated electrons above the injection
energy have a sharp cutoff. Similarly, in the DR model, since the electrons and
positrons can not gain enough energy from re-acceleration due to the larger diffu-
sion parameter and the smaller Alfven speed, see Eq. (4.6), the propagated energy
spectrum above the injection energy tends to zero rapidly.

Another interesting property of the response function is that it tends to fall at
high energies. This can be understood as follows: Higher energy electrons either
loose energy more quickly, or, if their energy loss length is still larger than the half
height of the diffusion zone, can propagate further and can thus escape from the diffu-
sion zone more readily. The diffusion length can be estimated as

√

Dxx(E)tloss(E) ≈
a few kpc, and is comparable to the the thickness of the diffusion zone in the MIN
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and MED models. As a consequence, in Fig. 5.5 for the MIN and MED models, the
propagated spectrum is indeed smaller by factors of a few for the highest injection
energies. In the case of the MAX model, the half height of the diffusion zone is
considerably larger than the typical diffusion scale so that the injection energy has
a weak impact on electron spectrum below 100 GeV.

We note that the choice of the diffusion models and the injection energy affect the
shape of the electron spectrum significantly only below 100 GeV, where the influence
of the diffusion mechanism on electron and positron propagation is still important.
For energies above 100 GeV, energy loss dominates the electron spectrum. The
spectrum in this energy range thus should only depend on the ISRF and magnetic
field and not significantly on the diffusion parameters, as is confirmed by Fig. 5.5.
The plots for the DC and DR models, for which re-acceleration is insignificant,
confirm our qualitative analysis. For instance, for 10 TeV injection, a flat spectrum
appears at energies above 100 GeV, below which the spectrum steadily drops due
to electron diffusion.

The response function reaches its maximum around the critical energy of Eq. (5.10)
corresponding to the energy at which electrons emit photons of the considered fre-
quency ν (namely about 5 GeV for 408 MHz, 9 GeV for 1.42 GHz and 20 GeV for 23
GHz, for slowly varying magnetic field of ∼ 5µG strength in the regions of interest).

We also note that the response function for the DC and DR models tend to give
stronger constraints than the MIN scenario for the 23 GHz map. Since the thickness
of the diffusion zone in the MIN model is only 1 kpc, there is no strong emission
from directions far from the Galactic center, similarly to Fig. 5.2. As a result, the
optimal direction at 23 GHz points to high latitude.

5.4 Response Function for Positron Fluxes

Recently, PAMELA reported a relatively large positron fraction in the electron/positron
flux above 10 GeV [6]. Possible explanations include as yet unknown nearby astro-
physical sources or the decay or annihilation of dark matter. However, decaying
dark matter models can be constrained by requiring the predicted positron flux to
be smaller than the observed one. This can again be expressed in terms of a response
function along the lines of Sec. 5.2. In order to convert the positron fraction given
by PAMELA data [6] into the positron flux, we multiply it with the latest e+e−

flux observed by the Fermi-LAT Telescope [9] and note that the parametrizations
for the Galactic electron flux in Ref. [166, 186] is larger than the new Fermi-LAT
data by a factor of about 1.5 below about 30 GeV. Compared with the PAMELA
data, the statistical errors of the Fermi-LAT data is sub-dominant because of the
finer energy binning and the smaller statistical error of the flux. Therefore, for
the statistical error of the positron flux we take into account only the statistical
error of the PAMELA positron fraction data. The Fermi-LAT data are well fit by
a simple power law expression Je = 172.37 E−3.04 s−1m−2sr−1GeV−1. The resulting
“observed” positron flux is shown in Fig. 5.6. The strongest constraints come from
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Figure 5.5: The electron or positron spectra versus energy at r = 1 kpc, z = 0.2 kpc
in the NFW halo model. The solid, dotted, short dash, long dash and dotted-short
dash line represent an injection energy of 1 GeV, 10 GeV, 100 GeV, 1 TeV and 10
TeV, respectively. Color keys are as in Fig. 5.4.

the positron flux at the lowest energy where the statistical error is negligible.

The response functions based on the positron flux measured by PAMELA [6] are
shown in Fig. 5.7. We only consider the high energy region above 10 GeV where
the solar wind has no significant influence. Compared to the synchrotron response
functions the positron response functions are generally larger and, therefore, in
general lead to stronger constraints.

We shall note however that this would not be the case in CP-non-symmetric dark
matter decay models in which the positron flux is suppressed with respect to the
electron flux. In this situation one should note that synchrotron constraints based
only on the electron density are stronger than those based on the locally observed
electron flux itself, since the electron flux is about ten times larger than the positron
flux.

Fig. 5.7 shows a prominent feature in the response function based on the PAMELA
data in comparison with the response function based on the radio emission: It de-
pends mostly on the diffusion model but little on the dark matter halo profile. This
is because high energy positrons mostly come from nearby sources within ∼ 1 kpc
where different halo profiles yield very similar dark matter densities. Further, the
constraints are weakly affected by the magnetic field since energy losses are domi-
nated by the background radiation fields.

In addition Fig. 5.7 shows that the response function cuts off below the energy
at which the positron flux is observed in the DC and DR models where powerful
re-acceleration is absent, as one would expect since electrons essentially can only
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Figure 5.6: The positron flux observed at Earth as obtained by multiplying the
e+ + e− flux observed by Fermi-LAT [9] with the positron fraction measured by
PAMELA [7, 6], see text.

loose energy in this situation. On the other hand, the response function tends to
peak where the injection energy approaches the observed energy. Above that energy
the response function gradually falls off due to the faster diffusion effects of higher
energy positrons, similarly to the behavior of the radio based response function
discussed before. The MAX scenario predicts the largest locally observed positron
flux since the stronger re-acceleration in the MAX models shifts the predicted peak
of the energy spectrum to larger energies, similarly to Fig. 5.5. We should note that
the amplitude of the bump in Fig. 5.5 in the MAX model is somewhat lower than in
the MIN and MED scenarios due to the larger diffusion parameter. However, since
this bump is shifted to larger energies in the MAX model, the MAX scenario still
gives the strongest constraint.

5.5 Response Function for Gamma-rays

In this section, we present the response functions based on the Fermi-LAT data
and discuss how they are improved by the removal of astrophysical contributions of
known origin to the gamma-ray signals. In the following, we will firstly discuss the
different sources of gamma-ray radiation resulting from dark matter decay and the
uncertainties in the predicted ICS gamma-ray fluxes.
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Figure 5.7: The response function Fp(E) resulting from the observed positron flux
given by PAMELA [6] for various energies at which the positron flux was observed.
The model dependence is also shown. The color key is as in Fig. 5.4. Analytical fits
to these curves are presented in Ref. [19].

5.5.1 Gamma-rays from ICS, Bremsstrahlung and Prompt
Radiation

Electrons and positrons produced in the decay of dark matter give rise to a gamma-
ray signal, coming from ICS off low energy photons of the ISRF. A further, mostly
subdominant, contribution to the gamma-ray flux comes from bremsstrahlung of
the electrons and positrons when scattering with the galactic gas. In the context of
the PAMELA positron excess, ICS radiation from decaying dark matter has been
discussed in Refs. [192, 193], for the case of annihilating dark matter see Refs. [194,
195]. In Eq. (5.21) for gamma-rays, the differential emissivity P (Eγ, E) corresponds
to two processes,

P (Eγ, E) = PIC(Eγ, E) + Pbremss(Eγ, E) . (5.27)

The first term PIC(Eγ, E) corresponds to inverse Compton scattering, which is de-
rived by convolving the differential number density of target photons with the well
known Klein-Nishina cross section. The second term, Pbremss(Eγ, E), stems from the
bremsstrahlung emission due to deflection of relativistic electrons and positrons in
the electrostatic potential of interstellar gas atoms and molecules. Since this con-
tribution is subdominant in the energy range we are interested in, we will always
refer to the ICS channel as our reference channel in the following. More details of
the calculation can be found in [196].

The predicted gamma-ray flux crucially depends on the propagation model. We
select three different models, i.e. MIN, MAX and L1 listed in Tab. 4.1 characterized
by different choices of the propagation parameters in Eq. (4.2). For illustrative
purposes, we show in Fig. 5.8 the predicted gamma-ray emission for the L1 model
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Figure 5.8: The gamma-ray emissions at 0.1 GeV, 1 GeV and 10 GeV (upper panel
from left to right) produced by dark matter particles decaying into e+e− pairs, where
mχ = 200 GeV, τχ = 1026 s. Results hold for the L1 diffusion model of Tab. 4.1 and
for the NFW halo profile. The lower panel shows the ICS radiation from astrophysical
sources at 10 GeV for comparison (again from model L1). The color scaling corre-
sponds to the logarithm to the base 10 of the flux in GeV/s/cm2/sr. Note that the
color scale corresponds to the same flux range in all panels.

of Tab. 4.1 at 0.1, 1 and 10 GeV, respectively, assuming a dark matter decay into
e+e−, where mχ = 200 GeV and τχ = 1026 s. We also show for comparison the ICS
radiation from primary electrons of astrophysical origin. In general, as apparent
from these plots, dark matter induced ICS radiation extends to higher latitudes
than astrophysically induced ICS radiation, which is mainly concentrated on the
galactic disk.

In addition to the ICS radiation produced in our Galaxy there is also a related
extragalactic contribution, resulting from scattering of electrons from dark matter
decaying outside of our Galaxy with the CMB. This component can potentially
dominate the overall ICS fluxes at low energies, and we include it for completeness.
The calculation is straightforward and details can be found in, e.g., Ref. [192, 195].
In contrast to these references, we also took into account absorption effects due
to inelastic scattering between ICS photons and the intergalactic background light
(IBL), following Ref. [193, 197] (adopting the “fast evolution” model).

As mentioned before in Sect.4.1.1, a additional contribution to the ICS radiation
should come from electrons and positrons produced in the dark matter decay inside
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of our dark matter halo, but outside of the diffusion zone. If these particles are
far enough from the galactic disk region, beyond a few kpc, their main energy
loss channel is scattering with the CMB. The corresponding propagation length is
O(100kpc) for 1 TeV particles, and O(10kpc) for 10 TeV particles. Calculating
the corresponding ICS flux while neglecting the motion of the particles in general
overestimates this flux by an O(1) factor. Being conservative we do not include this
radiation component to our bounds and leave a more careful calculation for future
work.

Uncertainties. The largest uncertainties in the predicted gamma-ray fluxes come
from poorly known propagation parameters, in particular from the height of the
diffusion zone. The corresponding uncertainties can reach one order of magnitude.

As we already noticed, the height L is only poorly known since its determination
is degenerate with the diffusion coefficient. The most widely adopted range of varia-
tion of L is between 1 and 15 kpc, based on the poor quality data on 10Be/9Be. Due
to this uncertainty it is hard to obtain any definitive constraint on, e.g. , the super-
symmetric parameter space of dark matter based on current anti-proton data [7, 161].
The forthcoming AMS-02 experiment [198] will however provide very accurate data
on unstable/stable ratios (as well as for B/C and other stable secondary/primary
ratios), which might allow a more precise determination of the diffusion height scale
L.

In our case it is clear that a larger height of the diffusion zone leads to more dark
matter decays contributing to the gamma-ray flux, because more electrons of dark
matter origin are confined in the diffusive region. Uncertainties on other cosmic-
ray propagation parameters, such as the Alfvèn velocity vA and the convection
velocity vc, are less relevant in affecting the electron distribution of dark matter,
and especially affect only the electrons below around 10 GeV since higher energy
electrons lose energy too rapidly via ICS and can not propagate over long distances.

We found that the full-sky ICS gamma-ray emission induced by very high energy
electrons from dark matter decay obtained in the L1 model is comparable with the
one obtained using other widely known models, namely DC and DR [159] which
adopt the same height of the diffusion zone as our L1 model.

Another source of uncertainty comes from the dependence of the gamma-ray
emission on the halo profiles. We compared the fluxes predicted for different halo
models (with parameters shown in Tab. 2.1) and found that for shallower halo
profiles such as the Kra [45] and the Iso [47] profile the gamma-ray emission is
reduced by around 10%. On the other hand, in case of the Einasto profile (see
[199] and references therein) the flux is enhanced by 30%. Since this variation is
subdominant when compared with the uncertainties of the propagation models, we
will simply adopt the NFW halo profile in the rest of the present work.

The gamma-ray emission also depends on the Galactic magnetic field, since syn-
chrotron losses can be of the order of ICS radiation losses at high electron energies.
The magnetic field profile close to the Galactic center is quite uncertain and could
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be considerably higher than a few µG [172]. Here we adopt the field from Ref. [171]
which matches the 408 MHz synchrotron distribution. We compared our results
with another widely used magnetic field and found that the gamma-ray fluxes at
high energies increase by just 15% by changing the magnetic field model to the
one presented in Ref. [200] which is based on a large-scale data set on starlight
polarization.

Prompt Radiation. Although this work focuses on ICS radiation produced by
electrons and positrons from decaying dark matter, we cannot overlook the fact that
the prompt radiation of gamma rays can be a very competitive signature of dark
matter decays. Indeed, in many realistic cases it turns out that this component can
be larger than the ICS and therefore it can actually give the strongest constraints.

Prompt radiation from dark matter decay is produced more frequently inside
our overdense Galactic dark matter halo1 but it is also produced at cosmological
distances. At energies around 10GeV or below, the magnitude of the halo and
extragalactic fluxes are of the same order when looking in direction of the anti-
galactic center, whereas at higher energies around and above 100GeV the inelastic
scattering between gamma-rays and the IBL reduces the extragalactic component
significantly and can not be neglected.

We include the galactic and the extragalactic prompt radiation, following the
calculations outlined in Ref. [193]. Uncertainties come mainly from the adopted
dark matter halo profile and its normalization at position of the Sun.

5.5.2 Response Functions from ICS gamma-rays

We now turn to derive the response functions for the gamma-ray emission induced
by dark matter decays into e+e− pairs by comparing our predictions with the 1-year
observations of Fermi-LAT in the energy range of 0.5 GeV to 300 GeV.

As data we use the Fermi-LAT gamma-ray maps as derived in Ref. [13].2 In this
analysis the events were binned into the eight energy ranges 0.5 - 1 GeV, 1 - 2 GeV,
2 - 5 GeV, 5 - 10 GeV, 20 - 50 GeV, 50 - 100 GeV and 100 - 300 GeV.

A few words of caution are required concerning the data basis: the adopted
gamma-ray maps are based on the “diffuse” event class, which at energies above
50 or 100 GeV suffers from background contamination [201] that becomes relevant
when diffuse fluxes are studied. In the highest energy regime the background con-
tamination might be on the 50 - 80% level. Furthermore, no attempt of subtracting

1Although the halo profile is expected to be approximately isotropic, the corresponding flux at
Earth exhibits a strong dipole-like anisotropy due to the offset between the Sun and the galactic
center, which can be used to distinguish it from the extragalactic gamma-ray background, see
Ref. [193].

2We also performed an analysis of the publicly available event data on
http://fermi.gsfc.nasa.gov/ssc/data/, coming to identical results as Ref. [13]. We
decided to use the maps from [13] in order to keep the data basis of our analysis easily accessible.
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point sources were made. The adopted statistical errors are always derived from the
exposure 3× 1010cm2 s, which is good enough for the purpose of this study.1 We do
not attempt to include systematic errors in the analysis, which in light of the large
background contamination of the data would be too premature.

Definitions and Optimal Sky Patch

The response functions for gamma-rays depend crucially on the chosen patch ∆Ω,
which in the ideal case should cover the area with the largest signal-to-background
ratio, maximizing the response functions. For the sake of clarity of our approach,
and to avoid problems with statistical bias related to adaptive methods (which are
related to downward statistical fluctuations and become severe if the statistics is
low, see Ref. [202]), we choose a fixed patch with large signal-to-background ratio
by inspection of the signal-to-background maps.

Clearly, the optimal region might in principle depend on the observed energy
range and injection energy of electrons and positrons. But it turns out that for
injection energies around 100 GeV - 10 TeV and high enough gamma-ray energies,
the optimal region is always located south of the galactic center. This situation
is illustrated in Fig. 5.9, which shows an example of a signal-to-background map
for observed energies between 0.5 and 1 GeV, where the statistics is very good, for
dark matter decay producing monochromatic electrons and positrons at 100 GeV.
The map already suggests that the location of the optimal patch for constraining
inverse Compton light from decaying dark matter actually lies in a region close to
the Galactic center, located south of the Galactic plane.

Before discussing this further we note that an exception occurs for very high
injection energies in the 1 - 10 TeV region, and low enough observed gamma-ray
energies. There the overall ICS flux can actually be dominated by extragalactic
ICS contributions from scattering between e+e− pairs from dark matter decay with
the CMB. In these cases the optimal patch would be located at the pole regions.
The same holds in general true for prompt radiation from dark matter decay in and
outside of the Galaxy, which has a much shallower angular profile than the galactic
ICS component.

A more quantitative description of the situation can be found in the plots shown
in Fig. 5.10. The black lines in the upper four panels show the signal-to-background
ratio in different observed energy ranges as function of galactic latitude or longitude.
The injection energy is now fixed to 1TeV, but the results stay qualitatively the same
for other injection energies. As expected from the above discussion, at high energies
(upper panels) the signal-to-background ratio is maximal in a region close to the
galactic center, whereas at very low energies (middle panels) it is maximal at high
latitudes, due to the extragalactic ICS component. The same dominance at high
latitudes is also present in case of prompt radiation (lower panels).

1We cross-checked with our own analysis of the publicly available event data that this gives
indeed the correct number counts at high energies.
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Figure 5.9: Signal-to-background map of ICS radiation from dark matter with mχ =
200 GeV, τχ = 1026 s decaying into e+e− pairs, compared to the Fermi-LAT gamma-
ray observations in the 0.5 - 1 GeV regime. Results hold for the L1 propagation
model of Tab. 4.1. Note the logarithmic color scaling, warmer colors indicate larger
signal-to-background.

For the derivation of the response functions we will concentrate on the patch S

close to the galactic center and defined by |l| < 20◦ and −18◦ < b < −10◦, which
is marked by the colored region in Fig. 5.10. We checked that this patch indeed
maximizes the obtained constraints when varying the patch boundaries, except for
the very highest energy region (100 GeV - 300 GeV), where however the statistical
error is large. For this patch, we construct the response functions by performing
simulations injecting different mono-energetic electrons and comparing the results
with observations according to Eq. (5.25).

Given that in some cases the optimal patch is actually located at the galactic
pole regions we will also calculate and present bounds that come from comparing
the preliminary extragalactic gamma-ray background as determined in Ref. [201]
with the extragalactic ICS and isotropic prompt radiation component, see below.

Response Functions without Foreground Subtraction

Our results for the response function are shown in Fig. 5.11 as function of the elec-
tron/positron injection energy, for the eight different energy ranges of Fermi-LAT
skymaps from Ref. [13]. The highest energy range provides the strongest constraint
on decaying dark matter with very hard electron/positron energy spectrum. How-
ever, for lower injection energies in the 100 GeV−1 TeV region, several energy ranges
give actually roughly the same constraints.

To illustrate the large uncertainties related to inverse Compton radiation from
dark matter decay inside the diffusive halo, we show in Fig. 5.12 the response func-
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Figure 5.10: Signal-to-background ratios as function of galactic latitude (left pan-
els) and longitude (right panels). The upper and middle panels correspond to pure
ICS signal, the lower panels correspond to the pure prompt signal for comparison.
Extragalactic and galactic radiation are taken into account. The black lines take into
account as the whole observed signal, the green lines are obtained after subtraction
of our reference model for the astrophysical component (Model L1). We find that
the signal-to-background ratio of ICS radiation at higher gamma-ray energies is max-
imized in the region S defined by |l| ≤ 20◦ and −18◦ ≤ b ≤ −10◦, which is indicated
by the light red shaded region.

tions based on the highest and lowest gamma-ray energy ranges for our three ref-
erence propagation models from Tab. 4.1. As emphasized before, the uncertainties
on the response functions are dominated by the propagation model, especially for
the lower energies, below 10 GeV injection energy, where also effects of reacceler-
ation become relevant. For higher injection energies above 10-100 GeV, where the
response functions become of O(1) and are hence relevant for the actual bounds,
the uncertainties mainly stem from the height of the diffusion zone. In effect, high
energy electrons and positrons lose energy in a very short time compared to the
diffusion time, thus making the other details of the propagation irrelevant. The
MAX propagation model gives the strongest constraints due to its large diffusive
halo, whereas the MIN propagation model minimizes the constraints. Moreover,
for the MAX model re-acceleration shifts lower energy electrons to higher energies.
This effect is however only relevant for electrons below around 10 GeV, and thus
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Figure 5.11: The response function Fγ based on gamma-ray emission for the L1
model of Tab. 4.1. The response functions are derived from the eight gamma-ray
energy ranges 0.5− 1 GeV, 1− 2 GeV, 2− 5 GeV, 5− 10 GeV, 10− 20 GeV, 20− 50
GeV, 50− 100 GeV, and 100− 300 GeV from top to bottom at left side, respectively.
The underlying sky patch S is defined by |l| ≤ 20◦ and −18◦ ≤ b ≤ −10◦. Analytical
fits to these curves are presented in Ref. [20]

Figure 5.12: The propagation model dependence of the response function Fγ based
on our fixed patch for the gamma-ray energy range 0.5− 1 GeV (yellow band, curves
extending to low energies) and 100− 300 GeV (black band, curves cutting off around
100 GeV). The width of the bands represents the variation within the MIN (green),
L1 (red) and MAX (blue) propagation models of Tab. 4.1.
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Figure 5.13: The dependence of the response functions on subtraction of astrophysi-
cal contributions to the gamma-ray signal. The response function Fγ for the L1 model
based on the raw observed map (solid) and on residual maps with gamma-rays from
π0 decay (dotted) and from all astrophysical processes (dashed, see text) removed.
Red lines extending below 1 GeV are based on gamma-ray flux observed in the energy
range 0.5 − 1 GeV and green lines are based on the interval 100 − 300 GeV.

increases the gamma-ray emission only in the MeV regime. Note that for the highest
observed gamma-ray energy region (100-300 GeV), one clearly finds a sharp cut off
at low injection energies since gamma-rays at such high energies cannot be produced
from ICS of electrons/positrons injected at energies lower than 100 GeV.

Response Functions with Subtraction of Astrophysical Foregrounds

The response functions Fγ discussed so far are conservative because we did not
attempt to subtract any astrophysical contribution to the gamma-ray flux. In order
to understand the conventional astrophysical gamma-ray flux one needs to estimate
the gamma-ray emission from different galactic components. The most relevant
production channels are nucleus-nucleus (mainly proton-proton) photoproduction
via π0 decay and ICS and bremsstrahlung of cosmic-ray electrons and positrons. It
is generally found [171] that hadronically generated gamma-rays dominate the flux
at energies between 0.1 and 100 GeV and in the vicinity of the galactic plane, where
most of the interstellar gas is located, while at lower and higher energies and at high
latitudes ICS becomes comparable and can dominate. Bremsstrahlung is usually a
subdominant component.

In Fig. 5.13 we show the response function for the L1 model based on residual
gamma-ray maps obtained by subtracting gamma-rays produced via π0 decay, ICS
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and bremsstrahlung. In this foreground model the electron flux is adjusted to al-
ways lie below the electron flux observed by Fermi-LAT, with a spectral index of
around -3.2. The subtraction affects the results at low energies. For example, at
Ee ∼ 10 TeV the response functions based on gamma-ray fluxes observed at ener-
gies 0.5− 1 GeV are increased by a factor of around five when subtracting the total
astrophysical “foreground” at these gamma-ray energies. Again at Ee ∼ 10 TeV
the response functions based on gamma-ray fluxes observed at energies 100 − 300
GeV are increased by < 10% and ∼ 15% by the removal of gamma-rays originating
from π0 decay and from all astrophysical processes, respectively. This demonstrates
explicitly that constraints on dark matter decay can be improved by taking into ac-
count the removal of astrophysical contributions mentioned above. At high energies
the removal turns out to be quite insufficient which is at least in part related to
the strong background contamination in the adopted data. This situation will be
improved when data with better background rejection becomes available.

Response Function for Annihilating Dark Matter. Analogously, the re-
sponse function approach can be extended to the annihilating dark matter with
arbitrary annihilation spectra of e+e−. However, the uncertainties of response func-
tions from dark matter annihilation are larger than the uncertainties in the decay
case due to the dependence of the injection spectrum on the dark matter density
squared rather than on the density itself. Recent N-body simulations shows that a
large number of subhalos are embedded in our Galaxy, which are the relics of the
formation history. The presence of substructure results in an enhancement of several
orders of magnitude in annihilation signals with respect to a naive estimate for a
smooth halo distribution. The Ref. [21] shows that the signals from substructures
with masses down to 10−6M⊙ dominate over the whole sky relative to the contribu-
tion from the smooth component. We find that, the annihilating dark matter with
substructures can be well described by a smooth halo whose emissivity follows the
distribution of subhalos since the diffusion effects of e+e− can smooth the whole
sky map; see Section 6.2 for details. Thus, for constructing the response function
in annihilating dark matter with substructures scenario, one can replace the source
term in Eq. (5.18) by

Q±(r, E0) = fN
ρsub(r)〈σv〉

m2
X

δ(E − E0) , (5.28)

where ρsub is radial distribution of subhalos. This normalization factor fN relies
on both the radial and mass distribution of subhalos, with typical value of fN ≈
10 − 100GeV/cm3. If the radial distribution of subhalos is “unbiased” with respect
to the density profile of the host halo, the same optimal directions or patches as
derived before can be adopted directly.

63



5. DARK MATTER SIGNATURES IN RADIATION AND
COSMIC-RAY FLUXES

5.6 Constraints on Dark Matter Models

The response functions (i.e. Fr, Fp, Fγ) developed in the previous sections can pro-
vide interesting constraints on any dark matter decay model. In the following, we
apply these response functions to some concrete dark matter decay scenarios and
obtain the constraints.

5.6.1 Constraints from Radio and Positron Signals

we discuss two simple examples that can be applicable to a number of realistic
scenarios. Let us first consider an extremely simple case, direct decay into and
electron/positron pair X → e+e− with branching ratio be. This will give conservative
constraints for models that also allow decays into other fermion pairs such as [87,
203]. Moreover, it is certainly the simplest scenario that could account for the
PAMELA excess [204, 205]. The spectrum of injected electrons is then dN±/dE0 =
beδ(E0−mX/2) and the constraints from the radio and positron fluxes are therefore

τ

1026 s
≥ 2be

(

100 GeV

mX

)

Fr(mX/2) ;
τ

1026 s
≥ be

(

100 GeV

mX

)

Fp(mX/2) .

(5.29)
These bounds are shown on the left panel of Fig. 5.14 for all the different propa-

gation models considered. We see that in general the positron data provide stronger
constraints on this particular model than radio data, unless the dark matter mass
is smaller than the PAMELA energy window i.e. mX < 11 GeV, and at the same
time there is no strong re-acceleration, as is the case in the DC and DR propagation
models.

As a more realistic case, we have considered the scenario developed in Ref. [87].
This framework involves an extra U(1) gauge symmetry under which the standard
model fields have no charge, a hidden U(1). Despite being secluded, interactions
of this hidden sector with the standard model particles are realized through a tiny
kinetic mixing [206] χ with the hypercharge U(1)Y . In particular, the hidden gauge
boson A′ couples to all hypercharged particles with an additional suppression factor
χ which can have extremely small values, cf. [207, 208, 209, 210]. If this hidden
gauge boson accounts for the dark matter and has a mass around ∼ 200 GeV it can
decay into lepton, quark and W -boson pairs. Furthermore, if the A′ lifetime is of
order 1026 sec, the gamma-rays and positrons resulting from the decay can explain
the EGRET and PAMELA excesses. Convolving our response functions with the
positron spectrum provided in [87] we find that, based on the continuum component
alone, this model can be ruled out in the MIN, MED and MAX propagation scenarios
due to the strong re-acceleration effects. The direct decay into e+e−, has a branching
ratio ranging from 0.05 to 0.14 in the mass range 100 GeV ≥ mA′ ≥ 300 GeV and
is directly constrained by the left panel of Fig. 5.141.

1This scenario is somehow similar to the gravitino with R-parity violation described in [85, 211],
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Figure 5.14: Bounds on a decaying dark matter particle for the decay mode X →
e+ + e− (left panel) and X → l+l−+invisible (right panel), see the text for details.
The bound is on the lifetime of the dark matter particle divided by the branching
ratio of the relevant mode. The color key for the propagation model is as in Fig. 5.4.
Constraints from radio emission are dashed and from the PAMELA positron flux (with
normalization given by the newest Fermi-LAT data) are solid. Each constraint line is
based on either the synchrotron response function for the three frequencies (408 MHz,
1.420 GHz and 23 GHz) or on positron response function for the seven PAMELA
energy bins.

Let us now consider the three body dark matter decay X → l+ + l−+invisible
where l± are Standard Model leptons and invisible stands for a nearly massless
fermion (mX ≫ minv). This decay arises for instance in supersymmetric versions of
the hidden U(1) extension of the Standard Model outlined above, which also include
the hidden gaugino, the supersymmetric partner of the hidden gauge boson [212].
As a concrete example consider the scenario recently described in [88]: Dark matter
is made of bino-like neutralinos χ0

1 which are the lightest supersymmetric particles
of the Standard Model sector. The neutralino mass is taken to be around mχ0

1
= 300

GeV which gives the correct relic dark matter abundance while the hidden gaugino X̃
is supposed to be a sub-dominant component of dark matter. If the hidden gaugino
is lighter than the neutralino, the decay channel χ0

1 → l+l−X̃ is available, whereas
the reverse process X̃ → l+l−χ0

1 can be realized in the opposite case. These decays
are mediated by heavy sleptons. Since squarks are usually heavier than sleptons,
decays into quark pairs are suppressed.

In order to study bounds on this decay we focus onto the democratic case, i.e.
equal branching ratio for decaying into lepton pairs of the three different families.
We used PYTHIA [213] to simulate the final electron and positron decay spectra,
and our response functions to give the bounds shown in the right panel of Fig. 5.14.

whereas the decay branching ratio of hidden gauge boson to the W boson is highly suppressed
compared to the gravitino case.
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These decay channels can be also found in other contexts like in [214] where a massive
B-L gauge boson mediates the kinetic mixing, in grand unified theories [89, 215], or
in general SUSY models with slightly broken R-parity with or without considering
supergravity [216, 217, 218].

5.6.2 Constraints from Gamma-ray Signals

In the previous sections we constructed response functions for dark matter decays
which are independent of the particles physics details of the decay and only de-
pend on the spatial distribution of the dark matter particles and the propagation of
the produced electrons and positrons. These response functions are very useful to
estimate the constraints on dark matter decay based on gamma-rays produced by
ICS within some specific dark matter model. However, within a given dark matter
model gamma-rays can be produced not only as secondaries of electron and positron
propagation in the Galaxy, but also as final-state, or prompt, radiation arising in
the decay [151, 219]. For selected decay channels, we calculated the corresponding
galactic and extragalactic prompt fluxes in our selected patch as described above
and added them to the one described by the response functions in order to derive
constraints that come from the total prompt + ICS radiation flux of different dark
matter decaying models. Other works on constraints on the decaying/annihilating
dark matter interpretation of the PAMELA positrons excess with recent Fermi-LAT
gamma-data can be found in Ref. [202, 220, 221].

To illustrate the interplay of prompt and ICS radiation bounds, we show them
in detail for the exemplary decay channel into µ+µ− in Fig. 5.15. In this plot,
each of the green lines corresponds to bounds coming purely from the galactic and
extragalactic ICS radiation (calculated from our response functions) for the eight
different energy regimes of the data. Regions below the green lines are excluded.
On the other hand, the red lines show the corresponding bounds when only prompt
radiation is taken into account. The thick black line is obtained when both radiation
components are combined for each energy regime separately. All fluxes are calcu-
lated within our patch S. As obvious from this plot ICS radiation bounds dominate
at dark matter masses above a few 100 GeV.

In Fig. 5.16 we show our results for bounds on the four different decay channels
into µ+µ−µ+µ−, µ+µ−, τ+τ− and bb̄ as examples with different amount of prompt
and ICS radiation.1 The first three decay modes can well fit the PAMELA/Fermi
positron and electron data if the positron excess is interpreted in terms of decaying
dark matter, and the preferred mass and lifetime regions are indicated by the blue
blobs and red crosses.2 We used the Pythia package [222] to derive the electron,

1The four-body decay into muons proceeds via two intermediate neutral scalar particles with
masses of 1 GeV.

2The shown regions should be understood as typical masses and lifetimes that well fit the data.
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Figure 5.15: Constraints on decaying dark matter for the decay channel χ → µ+µ−

decoded into its different components. The thick solid line shows the overall bounds
on mass and lifetime, cf. also Fig. 5.16. Green lines represent the constraint coming
from the response function for ICS emission alone, whereas red lines are based on
the prompt photon spectrum alone. Each of the eight lines corresponds to one of the
observed gamma-ray energy ranges as denoted in the caption of Fig. 5.11.

positron and gamma-ray decay spectra.

In these plots the dashed-dotted (dotted) line shows the bounds obtained from
ICS (prompt) radiation in our patch S alone, the thick solid line shows the bounds
obtained when prompt and ICS radiation are combined. Furthermore, the bounds
can be strengthened to the yellow region when the foreground model L1 is subtracted
from the data.

It turns out that for decays into µ+µ− pairs and four-body decay into µ+µ−µ+µ−,
the strongest constraints typically come from ICS rather than from the prompt
radiation and the constraints could be improved by more than a factor of 2 for small
masses and by a few 10% for large masses after removal of the gamma-ray emission
from conventional astrophysical sources. In the case of decay into τ+τ− and bb̄
the prompt radiation alone already provides strong constraints, which can again be
improved by subtracting galactic foreground as for the case of decay into muons.

Note that our patch S is optimized for ICS radiation. Prompt radiation from dark

We performed a χ2 test, keeping the electron background as a freely adjustable power-law with
spectral index between -3.3 and -3.0, whereas the positron background is kept fixed as the one
from “Model 0” in Ref. [223]. We include in the fitting procedure only the PAMELA data on
the positron fraction above 10 GeV, as they should be less affected by solar modulation, and the
Fermi-LAT and HESS e±-data, for which we added the corresponding systematic and statistical
errors in square. Since systematic errors are correlated, the obtained χ2 are relatively small, but
in view of the large uncertainties in the electron background a more detailed fit is not reasonable.
The blue regions correspond to χ2/dof = 1 and χ2/dof = 0.75, outside these regions the fits to
HESS and Fermi-LAT become problematic.
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Figure 5.16: Bounds on different decay channels in the mass vs. lifetime plane.
Regions below the thick solid line are excluded by combined ICS and prompt radia-
tion in the L1 propagation model, whereas parameter space below the dashed-dotted
(dashed) line is excluded due to ICS (prompt) radiation alone. The ICS constraints
shown with the dashed-dotted lines are calculated from the response functions shown
in Fig. 5.11. The constraints can be strengthened to the yellow light shaded region if
the predictions of Model L1 for the galactic diffuse astrophysical foreground is sub-
tracted. The blue blobs and red crosses (which are taken from Ref. [224]) show the
parameters that well fit electron + positron fluxes observed by Fermi-LAT and HESS
and the positron fraction observed by PAMELA as described in the text.

matter decay in general dominates at the galactic pole regions, as discussed above (in
the actual data, this behavior is disturbed at high gamma-ray energies because of the
large contamination of the data with isotropic cosmic-ray background). Following
the slicing of the sky as proposed in Ref. [202], we can find for the highest energy
bin a patch that actually increases our corresponding final state radiation bounds
by around 70%.1

For comparison, we also show with the dashed lines in Fig. 5.16 the bounds that
can be obtained by comparing the sum of extragalactic ICS radiation, extragalactic
prompt radiation and the maximal isotropic part of the halo prompt radiation (which
is identical to the flux from the Galactic anti-center) with the preliminary results for

1Using this adaptively determined patch, which is located at 10◦ ≤ b ≤ 20◦ and 0 ≤ l ≤ 10◦

and has only a few number counts, still does not allow to raise the bounds as high as shown in
Ref. [202]. The difference might originate in the smaller energy bins used in [202], and the inclusion
of data above 300 GeV.
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the isotropic extragalactic gamma-ray flux as presented in Ref. [201]. Comparing
these bounds, which already rely on a foreground subtraction, in case of decay into
muons with the ones obtained from patch S after foreground subtraction shows
that they are subdominant and become only relevant at very high masses. Our
bounds are somewhat weaker than the ones found in Ref. [221], which is due to our
inclusion of absorption effects and our more conservative treatment of extragalactic
ICS radiation.

To conclude, under the conservative assumption of a propagation model with
the height of the diffusion zone around 4 kpc, based on the Fermi-LAT data, we
can severely constrain but not exclude models with dark matter decay into τ+τ−

that can explain the positron excess observed by PAMELA. Moreover, we find that
analogous models with two- and four-body decay channels into µ±s remain essen-
tially unconstrained by current observations. When our reference foreground model
is subtracted the lower bounds on the lifetime in general increase by O(1) factors
for dark matter masses below 1 TeV, and by 10-60% for masses above 1 TeV, which
is however not enough to exclude the above channels in the parameter regime rel-
evant for PAMELA. The bounds might improve by O(1) factors when data with
better background rejection is used. For comparison we also calculated conservative
bounds from the isotropic extragalactic gamma-ray background as inferred from the
Fermi-LAT data, finding again that even the decay into τ+τ− cannot be excluded
in this way.
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Chapter 6

Anisotropy Signatures from Dark
Matter Annihilation

In this chapter we perform a statistical analysis of full-sky emission map to identify
dark matter signatures. This approach can be promising if, e.g., one can identify fea-
tures in the anisotropy power spectrum that characterize uniquely the dark matter
spatial distribution with respect to other astrophysical sources, given that the astro-
physical emission profile closely follows the matter density as opposed to the squared
dark matter density. In this respect, one is interested in quantifying the anisotropy
signatures from annihilating dark matter which can be different from those of as-
trophysical origin particularly at small scales. In Sect. 6.1, we perform analytic
calculations for the anisotropic radio signatures from extragalactic dark matter an-
nihilating into electrons and positrons and compare it with angular power spectrum
of the astrophysical and cosmological radio background; In Sect. 6.2, we develop
a numerical tool to compute ICS gamma-ray emission from Galactic dark matter
annihilation into e+e− pairs diffusing in the smooth host halo and the substructure
halos with masses as low as 10−6M⊙ and show that, unlike the total gamma-ray
angular power spectrum observed by Fermi-LAT, the angular power spectrum from
ICS is exponentially suppressed below an angular scale determined by the diffusion
length of electrons and positrons.

6.1 Radio Signatures from Extragalactic Annihi-

lation

In this section we evaluate the diffuse synchrotron emission from the electrons and
positrons produced by dark matter annihilation in the cosmological distribution of
dark matter halos. We compute both its overall intensity and its angular power
spectrum as well as the distribution of visible dark matter annihilation sources
as a function of apparent luminosity. We will find that comparing the resulting
signals with other backgrounds and foregrounds under conservative assumptions
allows one to test the annihilation cross sections close to the natural scale 〈σv〉 ∼
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3 × 10−26 cm3/s.

6.1.1 Formalism

We consider a distribution of sources which emit a radio luminosity per frequency
interval L(ν,P, z) which depends on the parameter P, the frequency ν and the
redshift z. The energy flux per frequency interval and solid angle is then given by

J(ν) =

∫

dz
d2V

dzdΩ

∫

dP
dn

dP
(P, z)

(1 + z)L[νz,P, z]

4πdL(z)2
, (6.1)

where for abbreviation we write νz ≡ (1+z)ν, (dn/dP)(P, z) is the co-moving volume
density of objects per unit interval in the parameter P, dL(z) is the luminosity
distance, the factor 1 + z comes from redshifting the frequency interval dν, and the
co-moving volume per solid angle and redshift interval is

d2V

dzdΩ
=

dL(z)2

(1 + z)2H(z)
=

r(z)2

H(z)
. (6.2)

Here, for a flat cosmological geometry, the Hubble rate is

H(z) = H0

[

Ωnr(1 + z)3 + ΩΛ

]1/2
, (6.3)

r(z) =
∫ t(0)

t(z)
(1+z)dt =

∫

dz′/H(z′) is the co-moving distance and t(z) =
∫ z

0
dz′/[(1+

z′)H(z′)] is cosmic time as function of redshift.
In order to calculate the anisotropies we introduce an emissivity of squared power

per frequency interval, L2(ν, k, z),

L
2(ν, k, z) = L

2
1(ν, k, z) + L

2
2(ν, k, z) , (6.4)

which, similar to the approach in Ref. [225], we split into the two parts, L2
1(ν, k, z)

and L2
2(ν, k, z). Both depend on the co-moving wavenumber k. The first part is

essentially Poisson noise and corresponds to the sum over squared luminosities,

L
2
1(ν, k, z) =

∫

dP
dn

dP
(P, z) [L(νz,P, z)|u(k,P)|]2 , (6.5)

where in the following we define Ff (k) ≡
∫

d3reik·rf(r) as the spatial Fourier trans-
form of any function f(r) and where u(k,P) = Fu(k,P) is the Fourier transform
of the spatial emission density u(r,P) of an individual source, normalized to unity,
∫

d3ru(r,P) = 1. The second contribution to Eq. (6.4) is determined by the corre-
lation between sources,

L
2
2(ν, k, z) = Plin(k, z)

[
∫

dP
dn

dP
(P, z)L(νz,P, z)b(P, z)|u(k,P)|

]2

, (6.6)
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where Plin(k, z) =
∫

d3reik·r(δρ/ρ)(r, z) is the linear power spectrum of the density
fluctuations (δρ/ρ)(r, z) and we have also introduced a bias factor b(P, z) of the
sources with respect to the density field. For the linear dark matter halo bias
b(M, z) appearing in Eq. (6.6) we adopt [226]

b(M, z) = 1 +
ν2(M, z)

δcD(z)
, (6.7)

whereas for the galaxy bias we simply use unity.
The angular power spectrum Cl is given by

Cl =
〈

|alm|2
〉

, (6.8)

where

alm =

∫

dΩ [J(ν, Ω) − 〈J(ν)〉] Y ∗
lm(Ω) (6.9)

in terms of the spherical harmonic functions Ylm(Ω) and the intensity J(ν, Ω) mea-
sured along direction Ω. For a statistically isotropic sky this results in

Cl =

∫

dz
d2V

dzdΩ

(1 + z)2L2
(

νz,
l

r(z)
, z

)

[4πdL(z)2]2
. (6.10)

Using dL(z) = (1 + z)r(z) and inserting Eq. (6.2) in Eqs. (6.1) and (6.10) finally
gives

J(ν) =
1

4π

∫

dz

(1 + z)H(z)

∫

dP
dn

dP
(P, z)L(νz,P, z) , (6.11)

and

Cl =
1

(4π)2

∫

dz
L2

(

νz,
l

r(z)
, z

)

dL(z)2H(z)
. (6.12)

Formally, for point-like sources, the integral over redshift in Eq. (6.12) is divergent
at z → 0. In practice this is regularized by the fact that the nearest source has some
minimal distance and that one can subtract the most luminous point sources which
are also the nearest sources. In addition, the integral is regularized by the spatial
extent of the sources, represented by the factor |u(k,P)|2 in Eqs. (6.5) and (6.6).
The role of these effects in practical calculations will be discussed in Sect. 6.1.5.

6.1.2 Extragalactic Dark Matter Annihilation

For annihilation of dark matter with mass mX and phase space averaged annihilation
cross section times velocity 〈σv〉, P can be identified with the mass M of dark matter
halos. We then follow the approach of Ref. [34] and write

L(ν,M) =
〈σv〉
2m2

X

E(ν,M) , (6.13)
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where we define E(ν,M) as a quantity which does not depend on annihilation cross
section or mass of the dark matter particles,

E(ν,M) =

√
3e3

me

∫

d3rρ2
h(r)B(r)

∫ mX

me

dE
Ye(> E)

Psyn(E) + PIC(E)
F

[

ν

νc(E)

]

. (6.14)

In Eq. (6.14), e and me are the electron charge and mass, respectively, ρh(r) is the
dark matter halo density profile, B(r) is the local magnetic field strength, Ye(> E)
is the multiplicity per annihilation of electrons and positrons with energies larger
than E, Psyn(E) = 2e4B2E2/(3m4

e) = (16e4π/3)uBE2/m4
e is the total synchrotron

emission power of one electron of energy E in a magnetic field of strength B, corre-
sponding to an energy density uB = B2/(8π), and PIC(E) = (16e4π/3)uγE

2/m4
e is

the energy loss rate at energy E due to inverse Compton scattering on a low energy
photon field of energy density uγ .

Furthermore, we use the function

F (x) = x

∫ ∞

x

K5/3(y)dy , (6.15)

in Eq. (6.14), with the critical frequency νc(E) defined in Eq. (5.7).
In the following we use the approximation [189]

F (x) ≃ δ[x − 0.29] (6.16)

such that Eq. (6.14) can be simplified to

E(ν,M) ≃ 9

8

(

m3
e

0.29π

)1/2
Ye[> Ec(ν)]

ν1/2
I(M) (6.17)

where

I(M) =

∫

d3r
ρ2

m(r)

(eB)1/2(r)

1

1 + uγ(r)/uB(r)
, (6.18)

with the critical energy Ec(ν) in Eq. (5.10). In Eq. (6.17) we neglect the magnetic
field dependence of Ye[> Ec(ν)]. For mX >∼ 100 GeV, B >∼ a few µG and ν ∼ 1 GHz,
the parameters we are interested in, this is a good approximation because the critical
energy Ec(νz) <∼ mX/10. Typical values for these parameters are Ye ≃ 10 [34]. This
corresponds to a fraction fe ≃ 0.3 of the total annihilation energy going into pairs.
The energy fraction going into pairs of energy above E can be expressed in terms
of Ye(> E) as

fe(E) =
−1

2mX

∫ mX

E

dE ′E ′dYe

dE
(E ′) ≤ 1 . (6.19)

With the above expressions we can rewrite Eq. (6.11) as

J(ν) =
〈σv〉
2m2

X

9

32π

(

m3
e

0.29πν

)1/2 ∫

dz

(1 + z)3/2H(z)

∫

dM
dn

dM
(M, z)Ye[> Ec(νz)]I(M) .

(6.20)
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Furthermore, we can redefine L2
1 and L2

2 from Eqs. (6.5) and (6.6) by extracting
constant factors and write

L
2
1(ν, k, z) =

∫

dM
dn

dM
(M, z) (Ye[> Ec(νz)]I(M)|u(k,M)|)2 (6.21)

and

L
2
2(ν, k, z) = Plin(k, z)

(
∫

dM
dn

dM
(M, z)Ye[> Ec(νz)]I(M)b(M, z)|u(k,M)|

)2

,

(6.22)
where u(k,M) relates to the halo profile, u(k,M) =

∫

d3reik·rρ2
h(r)(eB)−1/2(r)/I(M).

With these quantities we can now write

Cl =
81m3

e

1024 · 0.29π3ν

(

σv

m2
X

)2 ∫

dz
L2

1

(

ν, l
r(z)

, z
)

+ L2
2

(

ν, l
r(z)

, z
)

(1 + z)dL(z)2H(z)
. (6.23)

Details about the quantities that enter these expressions are given in Sect. 2.3.

Limber approximation. Eq. (6.23) can also be obtained as follows: Limber’s
equation relates the two-dimensional angular power spectrum P2(l) to the three-
dimensional power spectrum P3(k) in the flat sky approximation [227]: Given a
three-dimensional statistically random field f(r) = f(Ω, r), one considers the obser-
vation at r = 0 of the projection

P (Ω) =

∫

dr w(r) f(Ω, r) (6.24)

with some given radial weight function w(r), where r is the co-moving distance. If
the field f fluctuates on scales much smaller than the characteristic scale over which
w(r) varies, then we have

Cl ≃
∫

dr
w2(r)

r2
Pf (l/r, z(r)) (6.25)

where Pf (l/r, z) is the power spectrum of 〈f(Ω1, r)f(Ω2, r)〉 at the co-moving wavenum-
ber k = l/r.

Neglecting the variation of the magnetic field B within the halo regions con-
tributing most to the annihilations, the radio intensity Eq. (6.20) along a given
direction Ω can be written as

J(ν, Ω) =
〈σv〉
m2

X

9ρm

64πν1/2

(

m3
e

0.29πeB

)1/2 ∫

dz
(1 + z)3/2

H(z)
Ye[> Ec(νz)]

[1 + δ(z, Ω)]2

1 + uγ/uB

,

(6.26)
where ρm = Ωmρc is the average dark matter density at zero redshift, and δ = δρ/ρ
is the relative overdensity. Because the dominant contribution comes from the dark
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matter halos, where δ ≫ 1, we can approximate (1+ δ)2 ≃ δ2. Assuming a constant
B and a constant optical photon field of density uop ≃ 5 eV cm−3, we can write

the factor (1 + uγ/uB)−1 = [1 + uop/uB + u0(1 + z)4/uB]
−1

, where u0 is the CMB
energy density at z = 0. This factor effectively cuts off the redshift integration at
z ≃ 2. Since Ec(νz) varies little over this redshift range, we can then further simplify
Eq. (6.26) to

J(ν, Ω) ≃ Ye[> Ec(ν)] 〈σv〉
m2
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9ρ2
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64π
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eBν
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e
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(1 + z)4

] .

(6.27)
Comparing this with Eq. (6.24), we can use

f = δ2 −
〈

δ2
〉

, (6.28)

for the random field and the weight function is

w(z) =
Ye[> Ec(ν)] 〈σv〉

m2
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(
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e

0.29π

)1/2
(1 + z)3/2

1 + uop

uB
+ u0

uB
(1 + z)4

. (6.29)

The power spectrum Pf (k, z) appearing in Eq. (6.25) is then the Fourier transform of
the two-point correlation function of f in real space. Following Ref. [228], Pδ2(k, z)
can be written as the sum of a one-halo and a two-halo term, Pδ2(k, z) = P 1h

δ2 (k, z)+
P 2h

δ2 (k, z), with

P 1h
δ2 (k, z) =
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(6.30)

P 2h
δ2 (k, z) = Plin(k)

[
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ρ2
m(1 + z)6

)]2

, (6.31)

where Mmin is the minimal halo mass and Mcut(z) is the halo mass corresponding
to the apparent point source flux Scut above which we consider the source to be
resolvable and thus subtractable from the diffuse background. Furthermore, Ab is a
boost factor which accounts for possible substructure in the halos. The average of
the clumping factor appearing in Eq. (6.27) is given by

〈

δ2(z)
〉

=
Ab

ρ2
m(1 + z)6

∫ Mcut(z)

Mmin

dM
dn

dM
×

∫

dVh ρ2
h(r,M, z) , (6.32)

where dVh is the halo volume element.
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A generic form for the halo mass function dn/dM appearing in the equations
above was first proposed by Press & Schechter (PS) [40]; a modified version of this
form is given by Sheth and Tormen [41] (ST). When comparing the results obtained
from these two forms, we find differences by factors less than 2. Thus, we adopt the
PS formula in our calculations.

Current knowledge of the dark matter density distribution mostly comes from
N-body simulations. We use NFW halo profile [46] (see Sect. 2.3 for details) in our
calculations. In this model the dark matter profile within each halo can be written
as

ρh(r) =
∆c(z)

3

c3

ln(1 + c) − c/(1 + c)

ρm(z)

r/rs(1 + r/rs)2
. (6.33)

In addition, the minimal halo mass is still rather uncertain. The value Mmin =
10−6 M⊙ [58] is close to the free-streaming mass [63, 84, 229], below which there are
no fluctuations in the dark matter density to form a halo. Note that the magnetic
field may be much smaller than micro Gauss scales in such small halos. In contrast,
the value Mmin = 106 M⊙ roughly corresponds to the minimal mass of dwarf galaxies
which are known to contain micro Gauss scale magnetic fields [230]. We, therefore,
choose Mmin = 106 M⊙ as fiducial value in the following, noting that the dark
matter signal would increase by only a factor about two for Mmin = 10−6 M⊙. We
will furthermore use B = 10µG as fiducial value for the magnetic field. This is a
realistic value given that most annihilations occur in the densest regions where also
magnetic fields are somewhat larger than typical average galactic fields.

The clumping factor is very sensitive to the concentration parameter, namely
∝ c3. How the concentration parameter depends on halo mass and redshift is still
an open question. Conservatively, we use the parameterization in Eq. (2.10) because
at z ≃ 0 it gives values c ∼ 70 for the minimum halo mass which is significantly
smaller than other parameterizations [57, 59].

Recent studies show that dark matter halos exhibit considerable substructure [67,
68, 69, 71, 231, 232, 233, 234, 235, 236, 237]. The total mass of these substructures
only account for about 10% of the host halo, but they can give an extra boost factor
Ab ∼ 10 for dark matter annihilation. Some studies show that if one takes into
account substructure and assumes a cuspy center slope [238, 239, 240], the theoretical
prediction can well explain the excess of high energy positrons and the diffuse γ−
ray background observed by the Heat [124, 241] and EGRET [117, 118] experiments,
respectively. The subhalos follow a certain mass and redshift distribution which is
still unknown. Therefore, to be conservative we assume the NFW halo model and
simply parametrize any possible boost factor with the parameter Ab ∼ 10. The
substructures occur on small scales and do not influence the power spectrum in the
range we are interested, l <∼ 104.
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6.1.3 Astrophysical Sources

For astrophysical sources, P can be identified with the radio luminosity Lν0
at some

fixed frequency ν0. Eq. (6.11) then simplifies to

J(ν) =
1

4π

∫

dz

(1 + z)H(z)

∫ Lcut(z)

dLν0
Lν0

dn

dLν0

(Lν0
, z)

L(νz)

Lν0

, (6.34)

where Lcut(z) = 4πdL(z)2Scut/(1+z) is the intrinsic luminosity corresponding to the
apparent point source flux Scut above which we consider the source to be resolvable
and thus subtractable from the diffuse background. For the multipoles Eqs. (6.5)
and (6.6) can then be written as

L
2
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(6.35)

and

L
2
2(ν, k, z) = Plin(k, z)
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u(k, z)b(Lν0
, z)

]2

,

(6.36)
respectively. For the luminosity functions dn/dLν0

of normal and radio galaxies we
will use the expressions given in Ref. [242].

6.1.4 Different Contributions to the Diffuse Radio Emission

The CMB dominates the radio sky at frequencies above ≃ 1 GHz, whereas astro-
physical sources such as normal galaxies and radio galaxies dominate at lower fre-
quencies down to kHz frequencies [242]. Recently it was argued that synchrotron
emission of strong intergalactic shocks can also significantly contribute to the diffuse
extragalactic radio below 500 MHz [243, 244].

Using the formuli developed in Sect. 6.1.2, we now evaluate the contribution of
synchrotron emission from pairs produced by dark matter annihilation in the mag-
netic fields of dark matter halos. We consider neutralinos as dark matter candidate,
and for the following figures we assume a neutralino mass of 100 GeV and a total
annihilation cross section of 〈σv〉 = 3×10−26 cm3/s, fixed for reproducing the correct
relic density for thermal relics. We also assume that the average total number of
electrons and positrons per annihilation is Ye ≃ 10, and that the halo substructure
implies a boost factor Ab ≃ 10. We compare the resulting dark matter signal with
astrophysical contributions to the diffuse background that can be computed from
the expressions in Sect. 6.1.3.

For astrophysical sources the diffuse radio background is likely dominated by
normal galaxies and radio galaxies. To estimate the contributions from these sources,
we follow Ref. [242], which use the observed correlation between the radio and infra-
red flux of galaxies. This approach assumes that the radio emission is related to

78



6.1 Radio Signatures from Extragalactic Annihilation

Figure 6.1: The average diffuse background flux intensity with no point-source re-
moval. Contributions from normal galaxies (blue curve), radio galaxies (red curve),
from radio and normal galaxies combined (black curve), and from a scenario for
radio emission from galaxy cluster shocks (magenta curve) [244] (see text for the
normalization) are compared to our fiducial dark matter annihilation scenario with
mX = 100 GeV, 〈σv〉 ∼ 3×10−26 cm3/s, Ab = 10, B = 10µG, Mmin = 106 M⊙ (brown
curves). Here, the solid brown curve is for Ye = 10, while the dashed brown curve is
for Ye(E) ≃ mX/E. Also shown is the CMB background (cyan solid curve) as well as
its subtractable part, determined by uncertainties of the absolute CMB temperature
(dotted cyan curve). The Galactic foreground at Galactic latitude b > 20◦ is shown
as the green band within uncertainties.

the star formation and is sensitive to the redshift evolution of the sources, but can
explain the observed radio background quite well.

Following the above assumptions, in Fig. 6.1, we show the different contributions
to the average diffuse radio intensity. For astrophysics sources, normal galaxies
contribute more than radio galaxies. This is because although the individual radio
galaxy is brighter than a normal galaxy on average, this is overcompensated by the
larger number of normal galaxies. Also shown in Fig. 6.1 is a possible contribution
from intergalactic shocks [243, 244] normalized such that its angular power spectrum
is comparable to the one of the Galactic foreground, see Sect. 6.1.5.

Of course, the CMB absolutely dominates the radio sky in the wide range from
ν ≃ 1 GHz to a few hundred GHz [93], and above these frequencies Galactic fore-
grounds such as dust emission dominates. Since the CMB is a black body radiator
its contribution to the solid angle averaged radio flux can be subtracted up to the
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uncertainty of its average absolute temperature. Currently the CMB temperature is
measured to 2.725±0.001 K [245]. We convert this temperature uncertainty into an
intensity of CMB confusion noise. Fig. 6.1 shows that this confusion noise dominates
other astrophysical backgrounds and the diffuse signal of our fiducial dark matter
scenario at ν >∼ 4 GHz. At lower frequencies the dark matter signal νJ(ν) tends to
decrease as

√
ν for Ye ≃ const., see Eq. (6.27), whereas the background from normal

galaxies tends to be flat, see Fig. 6.1. There is thus an optimal window at frequencies
ν ∼ 1 GHz where dark matter annihilation signatures can be detected and where
self-absorption is negligible. Constraints on dark matter parameters can, therefore,
only be established for annihilation cross sections about a factor ten higher than
the fiducial cross section required for thermal dark matter. Also Fig. 6.1 shows that
these foregrounds tend to dominate the astrophysical backgrounds and the dark
matter signal in the fiducial scenario.

Can we test the properties of dark matter more powerfully? The absolute CMB
temperature is difficult to measure more precisely than to the current permille
level, because of inevitable systematic errors. Small-scale temperature fluctuations
∆T/T ∼ 10−5 have been seen by the COBE and WMAP satellites because temper-
ature differences can be measured more precisely since systematic errors cancel in
measurements of temperature differences. Furthermore, if the Galactic foregrounds
have a smooth directional dependence, they may pose less of a contamination when
considering the anisotropy of the radio sky. We, therefore, consider in the following
the angular power spectra of the radio sky in order to see if it can provide further
tests of dark matter properties.

6.1.5 Extragalactic Anisotropy Signatures

Since the diffuse average radio flux provides only one number at a given frequency to
compare with other astrophysical and cosmological backgrounds, potentially much
more information is contained in the angular power spectrum. For example, the
power spectrum as a function of angular scale tends to be different for dark mat-
ter annihilation and astrophysical sources because the contribution of the latter to
the diffuse radio flux is dominated by fewer bright sources. Our goal in this sec-
tion is whether this can provide dark matter signatures or constraints on mass and
annihilation cross section.

Before calculating the angular power spectra, we discuss their qualitative behav-
iors. The angular power spectrum Cl = C1h

l + C2h
l can be divided into one-halo

(C1h
l ) and two-halo (C2h

l ) terms, corresponding to the two contributions Eqs. (6.5)
and (6.6) to Eq. (6.4), and thus to Eq. (6.12). The two-halo term arises from the
correlation between distinct halos which is described by the linear power spectrum.
The one-halo term represents correlation within the same halo. Both one-halo and
two-halo term are proportional to |u(k,P)|2, the square of the Fourier transform of
the spatial emission profile. At large angular scales, |u(k,P)| ∼ 1, such that C1h

l

is essentially independent of l. The one-halo term is thus sometimes called Poisson
noise. At scales comparable to the size of the source, |u(k,P)|2 starts to become sup-
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pressed. Therefore, both one-halo and two-halo terms are expected to be suppressed
for multipoles l larger than the typical distance to the source divided by the lin-
ear source size. The two-halo term is furthermore proportional to the linear power
spectrum which is also suppressed for co-moving wavenumbers k >∼ 0.03 Mpc−1.
Therefore, the ratio of the two-halo term to the one-halo term is suppressed for
l >∼ 0.03 Mpc−1rH ≃ 100, where rH ≃ 3000 Mpc is the Hubble scale. The one-halo
term eventually dominates at very small angular scales.

In Eq. (6.12), for point-like sources, formally the one-halo term C1h
l would di-

verge for zmin → 0, whereas the two-halo term Eq. (6.6) is regularized by the linear
power spectrum Plin(k, z), which is suppressed at large k = l/r(z). This is because
the flux of nearby sources of a given luminosity diverges. We can ignore such sources
because they can be identified as individual bright sources and be removed from the
background flux in actual observations. We can remove sources with intrinsic lumi-
nosity Lcut(z) ≥ 4πdL(z)2Scut/(1 + z), corresponding to the point-source sensitivity
Scut of the telescope. Alternatively, one can regularize Eq. (6.12) by integrating
from some finite minimum distance corresponding to the typical distance to the
nearest source, rmin ∼ 1 Mpc. Furthermore, Eq. (6.12) is also formally regularized
at zmin → 0 by the spatial extent of nearby sources, described by |u(k,P)|2. For
the NFW profile, the mass of the halo within distance r from the halo centre in-
creases as r2 up to r = rs, and then increases logarithmically between rs and rv

since ρh(r) ∝ r−3, see Eq. (6.33). Therefore, the dominant contribution to the halo
mass comes from r < rs. Similarly, for r < rs the annihilation signal increases
as r, but between rs and rv increases only as r−3

s − r−3. Assuming the emission
traces ρh for astrophysical emission processes and ρ2

h for dark matter annihilation,
the Fourier transforms of these dependencies then give u(k,P) ∝ k−γ for k ≫ r−1

s ,
with γ = 2 for astrophysical emission and γ = 1 for dark matter, see Appendix A
for more details. Since k = l/r(z), and thus |u [l/r(z),P] |2 ∝ r(z)2γ , the one-halo
term in Eq. (6.12) diverges only for γ ≤ 0.5. Therefore, under our assumptions for
the emission profile, Eq. (6.12) is convergent even without cut-offs in either rmin or
the apparent luminosity. Since nevertheless in particular the one-halo term is quite
sensitive to nearby sources, in the following we study its dependence on Scut and
rmin.

Fig. 6.2 shows the dependence of the two-halo term on Scut. According to
Eq. (6.6), the two-halo term scales with the square of the average flux. Since
the apparent luminosity of radio galaxies can be of the order of a Jansky (1 Jy =
10−23 erg cm−2 Hz−1 s−1), the two-halo term from radio galaxies starts to decline
when we cut sources being less luminous than a critical luminosity below a Jan-
sky. In contrast, the contribution of normal galaxies which are much less luminous
than radio galaxies starts to decline only when we cut sources more luminous than
≃ 10µJy. The contributions of dark matter halos to the dark matter annihilation
signal is basically unaffected by any source removal, even to luminosities down to
∼ 1µ Jy. This is easy to explain: In our fiducial scenario the largest dark halos of
about 1014 M⊙ produce only about 1.3×1038 erg/s at 2 GHz from dark matter anni-
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Figure 6.2: The cumulative contribution of sources of apparent luminosity S smaller
than Scut to the two-halo term at 2 GHz. The red, blue and brown lines represent the
contribution from radio galaxies, normal galaxies, and dark matter (fiducial scenario
with Ye = 10), respectively.

hilation, far less than the typical radio luminosity of galaxies of about 2×1040 erg/s.
As a result, removing bright sources increases the contribution of dark matter anni-
hilation to the two-halo term relative to the contribution from astrophysical sources.

Next we discuss the one-halo term. The one-halo term is more sensitive to the
cut-offs in apparent luminosity Scut and to the minimal distance rmin than the two-
halo term because of two reasons: First, the two-halo term Eq. (6.6) is the square of
an integral of luminosities, whereas the one-halo term Eq. (6.5) is essentially Pois-
son noise and thus proportional to an integral of squared luminosities, which makes
the contribution from bright sources more important. Second, the two-halo term is
further regularized by the linear power spectrum at large k = l/r(z). In Fig. 6.3
we show the cumulative contribution of sources dimmer than Scut to C1h

l . Similarly
to the two-halo term shown in Fig. 6.2, the contribution of radio galaxies and ordi-
nary galaxies decreases rapidly below ≃ 1 Jy and 10µJy, respectively, whereas the
contribution of dark matter annihilation is affected less by source removal. Never-
theless, the contribution of bright sources is now much larger than for the two-halo
term, as expected, and the one-halo term continues to rise with inclusion of brighter
sources. On the other hand, practically one should cut off the integral at some
minimal distance rmin ≃ 1 Mpc within which there are essentially no bright sources.
Since sources at small distance appear bright, the cut-off in luminosity and minimal
distance is of course to some extent degenerate, as confirmed by Fig. 6.3. For radio
galaxies, removal above ≃ 105 Jy is equivalent to restricting to distances larger than
1 Mpc. For ordinary galaxies, cutting at a minimal distance rmin = 1 Mpc is equiv-
alent to removing sources brighter than 0.1 Jy. Since observational sensitivities are
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Figure 6.3: The cumulative contribution of sources of apparent luminosity S smaller
than Scut to the one-halo (Poisson) term at 2 GHz. The solid and dotted curve
represent the cases of rmin = 0 and rmin = 1 Mpc, respectively. Color keys are as in
Fig. 6.2.

considerably better than these luminosities, cutting at rmin ≃ 1 Mpc does, there-
fore, not introduce any significant uncertainties. Note that in Fig. 6.2 dark matter
dominates the two-halo terms if all sources above ≃ 0.1µ Jy are removed, while in
Fig. 6.3 it would dominate the one-halo terms only for unrealistically small cut-off
luminosities <∼ 1 nJy. This is because the one-halo term is much more sensitive to
bright sources than the two-halo term and because the dark matter contribution
consists of dimmer sources than ordinary astrophysical sources.

The angular power spectra of the radio background at 2 GHz produced by galax-
ies and by our fiducial dark matter scenario are shown in Figs. 6.4, 6.5, and 6.6 for
different source removal cuts. Based on the above discussion, the qualitative behav-
ior of the one- and two-halo terms can be easily understood: In Fig. 6.4 we assume
galaxies to appear point-like and we remove sources brighter than 0.1 mJy. The
one-halo terms from these sources thus increase proportional to [l(l + 1)]1/2 in the
above figures. The same applies to the one-halo term of the dark matter contri-
bution for l <∼ 104, corresponding to angular scales θ ≃ π/l >∼ 0.02◦. At smaller
angular scales the power spectrum is suppressed by the inner structure of the dark
matter halos. We can estimate this critical scale as follows: The one-halo term is
dominated by the brightest halos which correspond to the largest and nearest halos.
In our fiducial scenario, the annihilating dark matter in the largest halos can emit
a radio flux of ∼ 7× 1028 erg s−1 Hz−1 at 2 GHz, such that the minimum co-moving
distance is r ≃ 830 Mpc, z ≃ 0.2 if sources brighter than 0.1 mJy are removed. The
scale rs for the corresponding 1014 M⊙ halo is about 0.21 Mpc. This corresponds to
a multipole l ≃ πr/rs ≃ 1.2 × 104. This simple estimation is consistent with our
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Figure 6.4: Angular power spectra of various components at 2 GHz. Solid lines
and dotted lines represent the one-halo and two-halo terms, respectively. We assume
the astrophysical sources to be point-like. The minimal dark matter halo mass is
Mmin = 106 M⊙. Sources at distances below rmin = 1 Mpc, and of apparent luminosity
above Scut = 0.1 mJy were removed. Color keys are as in Fig. 6.2.

detailed calculation shown in Fig. 6.4.

Figs. 6.4, 6.5, and 6.6 show that for radio galaxies the one-halo term is always
larger than the two-halo term at all multipoles, as expected because of the high
luminosity of radio galaxies. For dark matter and normal galaxies, the two-halo
term dominates at small l. The dependence of the angular power spectrum on l
can potentially be used to discriminate the dark matter signal from astrophysical
contributions: For l <∼ 3 × 103, the annihilation power spectrum looks significantly
flatter than the signal from normal galaxies. In other words, at large angular scales,
the annihilation signal has relatively more power. This can be understood as fol-
lows: After cutting bright sources, many more dim nearby annihilation sources than
galaxies contribute. In addition, at large redshift the synchrotron emission from
dark matter annihilation is suppressed by the increased inverse Compton scattering
rate on the CMB, see Eq. (6.29). The two-halo term is proportional to Plin(k) which
peaks at ≃ 0.03 Mpc−1, corresponding to l ≃ 0.03 r(z)/Mpc. The on average smaller
distance to the dark matter halos then translates into relatively more power at small
l.

In Fig. 6.5, we take into account the spatial extent of the radio emission of
galaxies. We assume the luminosity profiles of galaxies to be roughly proportional
to the dark matter density profile with the halo mass is obtained from the relation
between mass and bolometric luminosity [246].
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Figure 6.5: Same as Fig. 6.4, but assuming the emission profile of the astrophysical
sources follows an NFW profile. Sources with luminosities above Scut = 0.1 mJy are
again subtracted.

For normal galaxies we use the relation [246]

M = 14
L60ν60

Lsun

Ωm

Ωb

M⊙ , (6.37)

where L60 is the luminosity at 60 microns, and ν60 ∼ 5000 GHz is its frequency,
and L⊙ ∼ 3.9 × 1033 erg/s is the solar bolometric luminosity. For radio galaxies we
simply adopt their typical mass of about 1012 M⊙ to estimate the Fourier transform
of the their density profile.

As a result, for normal and radio galaxies the one-halo term starts to drop for
l >∼ 6000 and l >∼ 2.5 × 104, respectively. Compared to the dark matter signal, the
suppression thus sets in at slightly smaller l for normal galaxies, but only at larger
l for radio galaxies. For normal galaxies this is due to the more extended emission
profile which more closely follows the density as opposed to the squared density in
case of dark matter. This is also reflected by the Fourier transform of the emission
profiles shown in Fig. A.1. For radio galaxies this effect is overcompensated by the
fact that they are much brighter such that after cutting bright nearby sources, their
average distance is much larger where their angular extent appears smaller.

Since future radio detectors such as SKA [101] can reach point flux sensitivities
of ∼ 1µJy, we show the power spectra of the background remaining after a cor-
responding luminosity cut in Fig. 6.6. Since the two-halo term from dark matter
annihilation is insensitive to such luminosity cuts whereas the contribution from
galaxies decreases rapidly, as shown in Fig. 6.2, the relative contribution of dark
matter annihilation increases and gives rise to a flatter power spectrum at moderate
l.
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Figure 6.6: Same as Fig. 6.5, but subtracting sources above Scut = 1µJy.

We now have to compare the cosmological background power spectra discussed so
far with other potential contaminations. Fig. 6.7 compares the signals from ordinary
and radio galaxies and from our fiducial dark matter scenario with the power spectra
of the CMB and of the Galactic foreground at high Galactic latitude. The power
spectrum of the Galactic foreground is not very well measured and we represent
its uncertainties as a green band in Fig. 6.7. At high Galactic latitude below 10
GHz local foreground fluctuations dominate over the CMB power spectrum which is
why the CMB anisotropy measurements are performed above 20 GHz. Concerning
annihilation signatures of dark matter with mass mX >∼ 100 GeV in the angular
power spectrum of the radio sky, the optimal frequency band is around 2 GHz.
At higher frequencies, the synchrotron emission of electrons produced from dark
matter annihilations cuts off due to Eq. (5.10) and the CMB signal increases. At
lower frequencies, synchrotron emission by Galactic electrons dominates the power
spectrum even at high Galactic latitude [247, 248, 249, 250]. Around 2 GHz, Galactic
synchrotron emission always dominates, whereas free-free emission is a factor few
smaller.

Also shown in Fig. 6.7 is a possible signal from intergalactic shocks [244]. Since
its normalization is rather uncertain, we normalized it such that it is comparable
to the average estimate of the Galactic foreground. The thermal SZ effect [251] is
another characteristic contamination caused by hot ionized gas in galaxy clusters
and filaments outside of clusters [252]. Since it dominates at small angular scales,
l >∼ 3000, and at high frequencies above 30 GHz, we can neglect this effect here.

As can be seen from comparing Fig. 6.5 and 6.6 and from Fig. 6.7, future radio
telescope arrays sensitive around ν ∼ 2 GHz, with their higher point flux sensitivities
should allow to further reduce the contribution from galaxies, whereas for l <∼ 6000
the dark matter contribution is hardly changed by removing still fainter sources.

86

anisotropy/pics/pic_nfw_1uj_cl_2G.eps


6.1 Radio Signatures from Extragalactic Annihilation

Figure 6.7: Angular power spectra of the radio sky at 2 GHz compared with various
estimates of the Galactic foreground at Galactic latitude b > 20◦ (green shaded region)
and the CMB (cyan curve). The brown band represents the annihilation spectrum,
where the upper and lower ends correspond to Fdm = 10 and Fdm = 1, respectively,
see Eq. (6.38), and from which halos brighter than 0.1 mJy were removed. The black-
dotted and black-solid curves represent the total signal from normal and radiogalaxies,
for luminosity cuts Scut = 10 mJy and Scut = 0.1 mJy, respectively. Also shown is a
possible contribution from intergalactic shocks [244], normalized such that its angular
power spectrum is comparable to the Galactic foreground.

This can be understood from the fact that the dark matter signal is dominated by
the two-halo term which is insensitive to Scut for Scut >∼ 1 nJy, see Fig. 6.2. This
shows that for dark matter annihilation the distribution of l(l + 1)Cl is nearly flat
for 200 <∼ l <∼ 2000. At smaller l the power spectrum is dominated by Galactic
foregrounds and at larger l the one-halo term from galaxies grows rapidly. The most
sensitive range 200 <∼ l <∼ 3000 should be accessible to present and future radio
telescopes with their high angular resolution. The SKA will have a sensitivity of
about 6 × 10−13 erg cm−2 sr−1 s−1 in the units of the above figures.

We conclude that the power spectrum from dark matter annihilation tends to
be flatter than other contributions because of an interplay of the following effects:

• The astrophysical signals are dominated by fewer and much brighter sources
than the dark matter annihilation signal which consists of many faint sources.
For Scut = 0.1 mJy, the two-halo term dominates for l <∼ 103 for both the
signals from galaxies and from dark matter annihilation. In addition, the dark
matter signal is significantly flatter in that angular range, i.e. it has relatively
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more power at small l. This is because the two-halo term is proportional to
the linear power spectrum whose peak in wavenumber for the on average closer
and dimmer dark matter annihilation sources translates into smaller l at these
luminosities.

• For l >∼ 104, the inner spatial structure of the galaxies and dark matter halos
becomes important. The inner structure tends to suppress the power spectra,
but the exact angular scale at which these effects become important depends
on the halo size, the profile of the emission and source luminosity cut-off.

• The various components evolve differently with the Universe expansion. For
example, at high redshift inverse Compton scattering on the CMB tends to
suppress synchrotron emission in dark matter halos, whereas astrophysical
sources such as radio galaxies tend to be more active at z ≃ 3.

6.1.6 Dark Matter Constraints

We can now scale the dark matter signal to parameter values different from the
fiducial scenario, by multiplying with the factor

Fdm ≡
(

Ab

10

)(

Ye

10

)( 〈σv〉
3 × 10−26cm3s−1

)(

100GeV

mX

)2 (

10 µG

B

)1/2

(6.38)

We caution that a boost factor as high as Ab ≃ 10 has not been verified in all
dark matter structure simulations and that the average magnetic field B could be
significantly smaller than 10µG if many small-scale subhalos contribute. However,
smaller values for Ab and B partially compensate in Eq. (6.38) so that one could
still obtain observable signatures as long as B is large enough to produce emission
at GHz frequencies, see Eq. (5.10).

If we choose Fdm = 10 (upper end of brown band in Fig. 6.7) and Scut = 0.1 mJy,
the annihilation spectrum dominates over other cosmological backgrounds for 100 <∼
l <∼ 104 and should become distinguishable from the Galactic foreground. Note that
this foreground is likely further reduced close to the Galactic poles. In this situation
it should thus be possible to disentangle the rather flat power spectrum of the dark
matter annihilation signal from other contributions in the range of 200 <∼ l <∼ 3000.
We can thus assert that radio observations are sensitive to Fdm >∼ 10 with some
dependence on the source luminosity cut-off Scut. Note that the dark matter signal
shown in Fig. 6.7 does not strictly scale with Fdm because it depends on sources
dimmer than Scut, here chosen as 0.1 mJy. However, since few brighter dark matter
halos contribute, the signal scales with Fdm in first approximation.

One can also compare observed radio source counts as a function of apparent
point source flux with predictions for astrophysical sources and dark matter annihi-
lation sources. This is done in Fig. 6.8 for the same parameters as used in Fig. 6.7.
This establishes the constraint Fdm <∼ 10. In contrast, Fig. 6.7 provides dark matter
signatures for future measurements but currently does not allow to put a constraint
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Figure 6.8: Observed radio source counts (dN/dS)S2.5 as function of apparent radio
flux S compared with predictions for normal galaxies (blue curve), radio galaxies (red
curve), and annihilations from dark matter halos (brown band, for 1 ≤ Fdm ≤ 10).
Green shaded region and triangles are data from Ref. [253].

on Fdm because of the uncertainties in the Galactic foreground spectrum. Note that
a future observational extension of the source count spectrum in Fig. 6.8 to apparent
luminosities S <∼ µJy will provide an additional test for dark matter which predicts
a shallower source count distribution than astrophysical sources.

We have not computed the contribution from dark matter annihilations in our
own Galaxy to the anisotropic radio flux in the present work. However, we know
from Refs. [254, 255] that for our fiducial values for cross section and mass, at least
the smooth halo component does not lead to fluxes higher than current observations
from WMAP. The contribution from Galactic substructures is probably more model
dependent than our cosmological flux which apart from an overall boost factor de-
pends only on the host halo distribution and effectively averages over a much larger
ensemble of halos. This can also be seen from Ref. [82] where the predictions of
the gamma-ray flux from Galactic dark matter annihilations varied over orders of
magnitude.
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6.2 ICS Gamma-ray Signatures from Galactic An-

nihilation

The ICS radiation from energetic electron and positron pairs produced by annihi-
lation of dark matter can generates unique gamma-ray signatures. In this section
we study the gamma-ray anisotropies produced by this “secondary” emission, which
can be regarded as a new target for indirect searches of signatures induced by Galac-
tic substructure halos. The important point is that the properties of the angular
anisotropies for emission from secondary electrons and positrons will be different in
general than for prompt emission, because the former will be affected by propagation
effects in the Galaxy. In fact, by adopting a spatial diffusion model typical for high
energy electrons and positrons in the Galaxy, we will show that the angular power
spectrum is suppressed at small angular scales corresponding to the distance diffu-
sively traveled by the charged particles during their energy loss time. As a result, for
a typical dark matter model with mass of 1 TeV and a canonical thermal freeze-out
cross section 3 × 10−26cm3/s, the angular power spectrum from ICS peaks at large
angular scales, contrary to the gamma-ray angular power spectrum obtained from
a simple analysis of the publicly available Fermi-LAT data.

6.2.1 Formalism

For the diffuse gamma-ray emission we are more interested in the column density of
electrons,

σe(l, b, E) =

∫ lmax

0

dℓ n(r, E) , (6.39)

than in the local space density of electrons. The observer is located at the solar sys-
tem. In galactic coordinates, a point in cartesian coordinates (x, y, z) at a distance
ℓ from the observer is given by

x = ℓ cos b cos l, (6.40)

y = ℓ cos b sin l, (6.41)

z = ℓ sin b , (6.42)

where l and b are the galactic longitude and latitude, respectively. We truncate the
integral in Eq. (6.39) at the edge of the diffusion zone, beyond which particles are
not confined, zmax = L or ℓmax = L/| sin b|. The line-of-sight integral can directly
act on the free Green’s function in Eq. (4.16),

Gσ
free(l, b, r

′, λD) =

∫ ℓmax

0

dℓ Gfree(ℓn, r′, λD) = (6.43)

=
e[(n·r′)2−(r′)2]/λD

2πλ2
Db(E)

[

erf

(

ℓmax − n · r′
λD

)

− erf

(−n · r′
λD

)]

,
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where we have defined the unit-vector n ≡ r/ℓ. The Green’s function satisfying the
boundary condition is thus

Gσ
2L(l, b, r′, λ) =

∞
∑

i=−∞

(−1)iGσ
free(l, b, r

′
i, λ) . (6.44)

The column density of electrons therefore reads

σe(l, b, E) =
1

b(E)

∫

d3r′
∫ ∞

E

dE ′ Gσ
2L [l, b, r′, λD(E,E ′)] Q(r′, E ′) . (6.45)

In the limit of λD ≫ rs, where rs is the scale radius of the subhalo profile, the
subhalo can be regarded as a point-like source. Eq.( 6.45) can then be simplified to

σe(l, b, E) =
∑

k

1

b(E)

∫ ∞

E

dE ′ Gσ
2L [l, b, rk, λ(E,E ′)] jk(rk), (6.46)

where jk(E) =
∫

d3r Qk(r, E) for a given subhalo source Qk located at rk. For the
largest subhalos with masses larger than ≃ 109M⊙, their radius rs can be somewhat
larger than the diffusion length λD. Nevertheless, their contribution to the total flux
is a factor ∼ 104 smaller than the flux from the smaller subhalos. Therefore, neither
the mean intensity nor the dimensional angular power spectrum (see Sect. 6.2.2)
relies significantly on the distribution of electrons in the largest subhalos. As a
result, for our purposes we can apply Eq. (6.46) to all subhalos even if rs > λD.

Propagation Model. The propagation of high energy electrons and positrons in
the turbulent Galactic magnetic field can be described as a diffusion-energy loss
equation (see chapter 4 for details), which can be simplified to

∂ne

∂t
= ∇ · (D(E, r) ∇ne) +

∂

∂E
(b(E, r) ne) + Q(E, r) , (6.47)

for the electron-positron number density ne, neglecting the convection and re-acceleration
terms which are only relevant for electrons and positrons below 10 GeV [179]. With
the assumption that spatial diffusion and energy loss coefficients are spatially inde-
pendent, for a given source distribution and boundary conditions, the propagation
equation can be solved analytically (see expressions in Sect. 4.3). In this section, we
adopt the widely used MED model (see Tab. 4.1) which, compared to other models,
i.e. the MIN and MAX models. The MIN and MAX propagation models would
decrease and increase the predicted gamma-ray fluxes roughly by a factor of three
and two, respectively. However, we verified that the shape of the angular power
spectrum predicted by these three propagation models is basically the same. Since
in this study we mainly focus on a new “suppression” feature in angular power spec-
trum of the gamma-ray component from ICS, we will use the MED model in the
following calculations.
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Dark Matter Model. For dark matter annihilation, we simply assume mono-
energetic injection of the positron and electron in case of CP conservation, i.e.
dNe/dE = 2δ(E − mχ). We choose mχ = 1TeV, which can well fit the PAMELA
excess [152] while not in conflict with gamma-ray observations by Fermi-LAT [194].
Finally, we use 〈σv〉 = 3×10−26cm3/s to reproduce the correct relic density for ther-
mal freeze-out. By convolving our results for the gamma-ray spectra with the pair
energy, our computational approach can be easily adapted to pair spectra different
from mono-energetic injection, such as from dark matter annihilating into µ±, τ±,
and W±.

Energy Losses. At energies above 10 GeV, the dominant energy losses are syn-
chrotron radiation and inverse Compton scattering (ICS) on the interstellar radiation
field. Therefore, in the Thomson limit we write b(E, r) = b0 E2 [for a more compli-
cated treatment of energy loss see Ref.[180]], where b0 = 3×10−16GeV/s for starlight
(SL) , infrared (IR), CMB photons and a magnetic field of 3µG. The ISRF can be
approximately characterized as a superposition of three blackbody-like spectra with
different temperatures and normalization factors relative to a true black-body emit-
ter: one for the CMB with TCMB = 2.73K, for the IR with TIR = 40.61K and for
the SL with TSL = 3800K [194]. The typical normalization of the SL and IR fields
of radiation depends on the position in the Galaxy. The averaged normalizations of
ISRF photon densities per energy used in this study are 8.9× 10−13, 1.3× 10−5 and
1 for SL, IR and CMB, respectively [194]. Although these normalizations are valid
only in the region with latitude 20◦ > |b| > 10◦, we have checked that changing the
normalization of the ISRF affects the gamma-ray emissions only weakly because an
increased emission is partly compensated by a decrease of the density of electrons
and positrons as energy losses increase. We also verified that the deviation from the
detailed numerical simulation with Galprop [159] is less than a factor of two for a
realistic spatial distribution of the ISRF [256].

Angular Power Spectrum. The angular power spectrum of the emission maps
can be calculated by using the public HEALPix package [257]. We define the di-
mensionless quantity δI(ψ,Eγ) ≡ (I(ψ,Eγ) − 〈I〉)/〈I〉 as a function on the sphere,
which can be expanded in spherical harmonics Ylm as

δI =
lmax
∑

l=0

l
∑

m=−l

almYlm(ψ) , (6.48)

where I(ψ) describes the gamma-ray intensity in the direction ψ. The dimensionless
angular power spectrum of δI is given by the coefficients

Cl =
1

2l + 1

l
∑

m=−l

|alm|2 . (6.49)
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Note that the measured dimensional amplitude CI
l of the total angular power spec-

trum in units of intensity squared can be obtained by multiplying the dimensionless
angular power spectrum of a given component, Cl,i, with its mean intensity squared,
〈Ii〉2 and summing over the components,

CI
l =

∑

i

〈Ii〉2Cl,i , (6.50)

where in our case the sum basically runs over the contributions of the smooth host
halo, the subhalo distribution and other astrophysical foregrounds and backgrounds.
Here we assumed that the different contributions are uncorrelated.

6.2.2 Numerical Scheme

In numerical calculations, taking into account subhalos down to masses ∼ 10−6M⊙

in the angular power spectrum would require the generation of ∼ 1016 subhalos
within the diffusion zone in a given Monte Carlo realization. This is not very prac-
tical and severely limits the number of realizations one can simulate. Thus, we
need to develop a sound scheme to circumvent these computational limits. Here we
take advantage of a few simple facts: (i) two terms contribute to the fluctuations
anisotropies; the one-halo term which is Poissonian noise and the two-halo term
due to the cross-correlation of substructure arising from their radial distribution
within the host halo. (ii) the small but numerous substructure halos dominate the
mean flux, contribute only to the two-halo term because their Poissonian noise is
suppressed as N(M)−1/2; (iii) analogously, large and relatively rare substructures
contribute mostly to the one-halo term, but negligibly to the two-halo term. There
is thus a dividing mass of substructures, M0, below which the contribution to the
anisotropies are negligible. The value of this mass depends on the assumed radial
distribution of the substructure halos (see below). In any case, though, it turns out
that halos with M < M0 have a characteristic radius, rs, which is much smaller
than the diffusion length of the gamma-ray emitting electrons, i.e. λD ≫ rs. Thus,
effectively all halos below M0 have the same image on the sky in ICS with a char-
acteristic size given by λD. This further simplifies our calculations because besides
minor poissonian noise, the angular power spectrum from subhalos with M < M0 is
just given by the emission profile obtained by convoluting the subhalo spatial distri-
bution with the image of one subhalo which is mass-independent for M < M0. Thus
the contribution from subhalos with M < M0 can be taken into account straight-
forwardly. Basically we generate a distribution of subhalos with mass in the decade
10−6−10−5M⊙ to obtain the full-sky map. The number of subhalos is typically much
smaller than N(M), with M in the above range, but sufficiently large that the angu-
lar power spectrum has converged. The intensity of the map can be rescaled to the
value appropriate for N(10−6 < M/M⊙ < 10−5) halos. The map contributed from
halos in all other mass decades up to M0 can be obtained by simply rescaling the
intensity appropriate for halos in that mass decade. Alternatively, the calculation
can be repeated for halos in all other mass decades up to M0.

93



6. ANISOTROPY SIGNATURES FROM DARK MATTER
ANNIHILATION

Figure 6.9: Sky maps of gamma-ray emission in Galactic coordinates at 1 GeV
(top-left), 10 GeV (top-right) and 100 GeV (bottom) due to ICS from the host halo.
The color scaling is logarithmic, and the unit is 1/s/cm2/sr.

We complete the calculation by adding the contribution of subhalos with mass
M > M0, which can now be done with a direct Monte Carlo simulation.

Specifically, we find that our calculation of the angular power spectrum reaches
convergence when we use at least 105 subhalos for each mass decade from 10−6M⊙

to M0 within the diffusion zone, provided that we use M0 = 104M⊙ for the unbiased
radial distribution and M0 = 102M⊙ for the anti-biased case.

Note that this method can not be applied to the angular power spectrum of the
direct annihilation component since in this case the profile of the emitting region
depends on the profile of each subhalo rather than on the identical diffusion length
which just depends on the energy of electrons and positrons for all subhalo masses.
In the following, we make use of the formalism derived in the previous section to
compute the gamma-ray mean intensity map and associated anisotropy power spec-
trum due to both the smooth host halo component and the substructure halos. We
also study how the map morphology and anisotropies depend on the radial distribu-
tion of subhalos and of the gamma-ray energy. Finally, we discuss the detectability
by Fermi-LAT.
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Figure 6.10: Sky maps of gamma-ray emission in Galactic coordinates at 1 GeV (top-
left), 10 GeV (top-right) and 100 GeV (bottom) due to ICS from one realization of
subhalos for the unbiased radial distribution and a minimum subhalo mass of 106M⊙.
The color scaling is logarithmic, and the unit is 1/s/cm2/sr.

6.2.3 Diffuse Gamma-ray Emission

We first consider the gamma-ray emission produced by dark matter annihilating
in the smooth host halo and the subhalos into e+e− pairs scattering off the ISRF.
Using the formalism developed in Sect. 6.2.1, the fluxes from the smooth host halo
at 1 GeV, 10 GeV and 100 GeV are shown in Fig. 6.9. We use galactic coordinates,
where an observer is located at 8.5 kpc from the Galactic center. We adopt the NFW
density profile with the parameters given in Sect. 2.4, and find, as expected, that
most of the signal comes from the central Galactic region where the dark matter
is highly concentrated. The values of the mean gamma-ray intensity from both
the host halo and the substructure are also reported in Tab. 6.1 for the above three
photon energies. We find that in both cases the mean gamma-ray intensity decreases
faster than ∼ E

−1/2
γ in Eq. (5.17). This is because there will be a high energy cut-

off in Eγ once the energy of the parent pairs E ≃ me[Eγ/(4kBT )]1/2 scattering off
the low energy background photons exceeds the maximum energy Mχ produced by
dark matter annihilation such that ICS can not produce any gamma-ray signals in
delta-function approximation. As a consequence, all background photon energies at
CMB energies and above contribute to the 1 GeV ICS photon flux, whereas only
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Figure 6.11: Sky maps of gamma-ray emission at 1 GeV, 10 GeV and 100 GeV
(from top to bottom) due to ICS from one realization of subhalos for the unbiased
(left panel) and anti-biased radial (right panel) distribution. The minimum subhalo
mass is 10−6M⊙. The color scaling is logarithmic, and the unit is 1/s/cm2/sr.

the IR and SL contribute to the 10 GeV photon flux and only the SL contributes to
the 100 GeV photon flux, as also summarized in Tab. 6.2. Furthermore, using the
relation between E and Eγ and the expression for PIC(E), for an electron spectrum

σe ∝ E−s Eq. (5.17) gives the scaling IIC(Eγ) ∝ ubE
(1−s)/2
γ T (s−3)/2. Using the

different normalizations for the CMB, IR and SL densities then shows that the
gamma-ray intensity originating from e+e− pairs scattering off CMB photons is
about 5 times larger than the one from scattering off the IR photons and about 10
times lager than the contribution from scattering off SL photons, provided there is no
restriction from the kinematics. However, the e+e− pairs produced by annihilating
dark matter have an absolute cutoff at the parent particle energy. As a result, the
more detailed numerical results show that most of the gamma-ray intensity at 1
GeV is produced by pairs with E ≃ 526 GeV scattering off the CMB, whereas pairs
with E ≃ 431 GeV scattering off IR photons dominate the 10 GeV gamma-ray flux
and pairs with E ≃ 141 GeV scattering off SL dominate ICS photons at 100 GeV.

In Fig. 6.10, we present the sky map of gamma-ray emission predicted by an
unbiased radial distribution of subhalos: in order to avoid saturation from the dom-
inant population of small halos, in the figure we only include halos with mass above
106M⊙. The most remarkable feature in Fig. 6.10 is that the diffuse emission regions
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Halo model Eγ = 1 GeV Eγ = 10 GeV Eγ =100 GeV
Mmin = 10−6M⊙ + unbiased 3.27 × 10−7 2.03 × 10−8 2.21 × 10−9

Mmin = 10−6M⊙+ anti-biased 8.17 × 10−9 5.07 × 10−10 5.52 × 10−11

Host halo 3.83 × 10−10 2.44 × 10−11 2.73 × 10−12

Table 6.1: The mean gamma-ray intensities 〈I〉 at 1 GeV, 10 GeV and 100 GeV,
averaged over the sky, from subhalos with minimum mass Mmin = 10−6M⊙ for the
unbiased and anti-biased radial distribution and from the smooth host halo. The unit
is cm2/s/sr.

Eγ(GeV) SL (Tp =3800 K) IR (Tp =40.6 K) CMB (Tp =2.73 K)
1 14 GeV (2.28 kpc) 136 GeV (1.1 kpc) 526 GeV (0.48 kpc)
10 44 GeV (1.76 kpc) 431 GeV (0.65 kpc) 1665 GeV
100 141 GeV (1.26 kpc) 1365 GeV 5267 GeV

Table 6.2: The dependence of the characteristic electron energy E on the energy
Eγ of gamma-ray emission through inverse Compton scattering off the various black-
body components of the ISRF with temperatures Tp. For the cases E < 1 TeV the
corresponding diffusion length λD(E) is also shown in braces.

can extend to a few kpc in length scale, corresponding to a few tens of degrees on the
sky. Furthermore, the size of the brightest regions representing the largest intensity
tends to increase with increasing Eγ, which could give rise to an increase of the
angular power spectrum on corresponding angular scales. The size of the emitting
region is basically determined by the diffusion length λD which is the distance that
the e+e− diffuses during their energy loss time. This length scale can be estimated
from Eq. (4.17), giving λD(E) ∝ E−0.15 for the MED propagation model. This
energy dependence of λD is shown in Tab. 6.2. The typical diffusion length is 0.48
kpc, 0.65 kpc and 1.26 kpc for electron energies leading to emission at Eγ = 1 GeV,
10 GeV and 100 GeV, respectively, corresponding to an angular scale θ ≃ λD/d
with d ∼ few kpc the typical distance to the dark matter annihilation source. These
angular scales are roughly what one sees in Fig. 6.10 and the above estimate also
applies to the smooth host halo case (see Fig. 6.9) and to the anti-biased radial
distribution of subhalos.

How does the mean intensity depend on Mmin? Empirically, we find that the
mean intensity roughly doubles with each decade of decreasing mass of subhalos, sim-
ilar to what has been found by Ref. [82]. In light of the subhalo mass function N(>
M) in Eq. (2.29) and the concentration parameter c(M) in Eq. (2.30), the annihila-
tion rates per decade of subhalo mass can be approximated by c(M)3M2dN/dM∆ log(M) ≃
c(M)3MN(> M) ≃ M−0.3, which is fairly consistent with our detailed numerical
calculation.

In order to determine the influence of the radial distribution of subhalos on the
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intensity, in Fig. 6.11 the gamma-ray full-sky maps at 1 GeV, 10 GeV and 100
GeV for the un-biased distribution are compared with the anti-biased distribution.
For the anti-biased radial distribution the mean intensities are roughly 50 times
smaller than for the unbiased case since the mean distance of subhalos to us is much
larger than in the unbiased case. One notices the important feature in Fig. 6.11
that the emission from the spatially anti-biased distribution is much less centrally
concentrated, and apparently accumulates around the Galactic plane compared with
the unbiased case. This can be understood from the fact that only electrons and
positrons confined within the diffusion zone of scale height L = 4 kpc and radius
R = 20 kpc for the MED model can efficiently produce gamma-rays by ICS and
the subhalos within the diffusion zone are distributed much more isotropically for
the anti-biased case compared to the more central distribution of the unbiased case.
Furthermore, ICS outside the diffusion zone contributes less than 10% to the mean
intensity [19, 79, 258].

6.2.4 Galactic Anisotropy Signatures

The dimensionless angular power spectra Cl of gamma-ray emission due to the ICS at
photon energies 1 GeV, 10 GeV and 100 GeV from the main components of Galactic
dark matter are presented in Fig. 6.12. Shown are the power spectrum for subhalos
with Mmin = 10−6M⊙ for the unbiased radial distribution and for the smooth host
halo. To clearly illustrate the effects of diffusion, the angular power spectra for
spatially unbiased subhalos with Mmin = 102M⊙ and for the host halo are also shown
in absence of diffusion. We recall that in order to obtain for a given component
the contribution to the angular power spectrum CI

l in units of intensity squared,
according to Eq. (6.50) one has to multiply the dimensionless power spectra Cl shown
in Fig. 6.12 by the squared total intensity 〈I〉2 of the corresponding component from
Tab. 6.1.

Fig. 6.12 demonstrates the remarkable feature that the power spectrum of the
ICS component of galactic dark matter annihilation is exponentially suppressed for
l >∼ 10 compared with what one would obtain without diffusion. Furthermore, the
lower energy gamma-rays have more angular power at l >∼ 10 corresponding to
small angular scale. This can be understood from the energy-dependence of the
diffusion length: Intensity fluctuations should be damped on length scales smaller
than the diffusion length λD, corresponding to a multipole l >∼ πd/λD, where d is
the typical distance to the dark matter annihilation source. Based on the discussion
in Sect. 6.2.3, we can estimate the diffusion length of the electrons and positrons
emitting a given gamma-ray energy. When doing so, one should keep in mind that
the e+e− pairs interact with three different photon backgrounds and that, as it
turns out, unlike the case of a single background, the lower the gamma-ray energy
the higher the energy of the emitting electrons. Since we found that the diffusion
length decreases with the electron energy, λD(E) ∝ E−0.15, we expect suppression of
anisotropies to occur at smaller scales, or larger values of the multipole l, for lower
photon energy. For other propagation models such as the MIN and MAX models
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Figure 6.12: Dimensionless angular power spectrum Cl of the gamma-ray sky from
dark matter annihilation at Eγ = 1 GeV (green), 10 GeV (red) and 100 GeV (black),
respectively. Solid curves correspond to the case of substructures with minimum
subhalo mass Mmin = 10−6M⊙ for the unbiased radial distribution. Dotted and dashed
curves are for the smooth host halo with NFW profile, where the emissivity ∝ ρ2

and ∝ ρ, respectively. For comparison, the cyan curves show the power spectrum in
absence of diffusion (see text for details). We find a strong suppression due to diffusion
for l & 10. Each power spectrum is calculated exclusively from the contribution of
the indicated source component.

which have a slightly different energy dependence of the spatial diffusion coefficient,
the diffusion length would be slightly larger or smaller, respectively. This would
shift the suppression scale in the angular power spectrum by less than a factor of
two in the multipole l.

In fact, for the smooth host halo the typical distance is d ≃ 8.5 kpc, and the
suppression due to diffusion should occur at l ≃ 55, 47 and 28 for gamma-ray energies
of 1 GeV, 10 GeV and 100 GeV, respectively. This analysis can be applied to the case
of subhalos. For an unbiased spatial distribution of subhalos, the typical distance
to a subhalo is d ≃ 7 kpc which corresponds to diffusive suppression at relatively
smaller l compared to the host halo case. These simple estimates are consistent with
our detailed calculations shown in Fig. 6.12.

We also find that the amplitude of the dimensionless angular power spectrum Cl

from the smooth host halo is larger than that from the subhalos since the emissivity
profile from annihilation in the smooth halo is proportional to the density squared
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Figure 6.13: Comparison of the dimensionless angular power spectrum Cl of gamma-
ray emission from dark matter substructures for the unbiased radial distribution (solid)
and the anti-biased distribution (dotted) at Eγ = 1 GeV (green), 10 GeV (red) and
100 GeV (black) with Mmin = 10−6M⊙.

and thus more peaked than annihilation in the subhalos which essentially follow
the linear density profile of an NFW profile, as we see in Fig. 6.12. We note that
although the smooth host halo has a large amplitude of the dimensionless angular
power spectrum Cl, its contribution to the total intensity is as small as ∼ 0.1% for
the unbiased subhalo distribution and ∼ 5% for the anti-biased distribution, as seen
in Tab. 6.1. We can therefore safely neglect the contribution from the host halo
both to the mean intensity and to the dimensional angular power spectrum CI

l .

Finally, we show in Fig. 6.12 the dimensionless angular power spectrum Cl for
a smooth halo with emissivity tracing the density of the NFW profile instead of
the squared density that would be relevant for the contribution of the host halo in
annihilation scenarios. This shows that a smooth NFW profile describes the emission
profile by a large number of subhalos following an unbiased radial distribution very
well, at a level of ∼ 0.1%. This is not surprising since the number of subhalos
within the diffusion zone with masses below 104M⊙ is sufficiently large, > 105, for
each mass decade to strongly suppress any deviation from a smooth distribution.
This conclusion is also true for the anti-biased case. Despite the fact that the
contribution of large subhalos in the mass range of 104−1010M⊙ fluctuates strongly,
their contribution to the total emission are three orders of magnitude smaller which
leads to fluctuations at 0.1% level in angular power spectrum as seen in Fig. 6.12.
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6.2 ICS Gamma-ray Signatures from Galactic Annihilation

How does the radial subhalo distribution affect the angular power spectrum? In
Fig. 6.13 we compare results for the unbiased case and the anti-biased case. At small
l the angular power spectrum Cl for the anti-biased distribution is suppressed relative
to the unbiased case which is due to the more isotropic subhalo distribution at large
angular scales seen in Fig. 6.11. For l >∼ 10, the angular power spectrum induced
by an anti-biased distribution has more power than the unbiased case because the
typical distance to subhalos is larger for the anti-biased distribution, shifting power
to larger l.

6.2.5 Comparison with Fermi-LAT observations

We now turn to a comparison of the predicted angular power spectra with to the
gamma-ray power spectra measured by Fermi-LAT at three energy bins, namely
1-2 GeV, 10-20 GeV and 100-300 GeV. In this study, we do not aim to perform
a detailed data analysis including foreground cleaning which would in any case be
considerably model dependent. We instead analyze the public data from Ref. [13]
which is based on the removal of 3-month 10-sigma bright sources. The raw data
used here can be regarded as an overestimation of the gamma-ray background since
the further foreground cleaning and the removal of point sources is expected to
significantly reduce the mean intensity.

In Fig. 6.14, in order to illustrate the absolute amplitude of the anisotropies,
we show the square root of the angular power spectrum in units ph/cm2/s/sr of
intensity. As seen in Tab. 6.1, the dimensional angular power spectrum from ICS
for the anti-biased subhalo distribution is two order of magnitude smaller than for
the unbiased case because of the large normalization from the mean intensity for the
latter case. The diffusion of electrons and positrons strongly suppresses the angular
power spectrum for l >∼ 10, in contrast to the observed angular power spectrum
which tends to increase at large l for 100 GeV <∼ Eγ <∼ 300 GeV and is roughly flat
at lower energies. The optimal window for searching for the ICS signal of dark matter
annihilation should thus be at 5 <∼ l <∼ 100. In this window one may also be able
to distinguish from the gamma-ray power spectrum produced by direct annihilation
which has no large-l suppression and is more similar to the observed total power
spectrum.

We note that for these anisotropy signals to the detectable with a signal-to-
background lager than one requires sufficiently large annihilation rates, larger than
the thermal relic rate by factors ∼ 5 and ∼ 3 for the energy bins at 1-2 GeV and 10-20
GeV respectively for an unbiased subhalo distribution. For 100-300 GeV, the particle
physics parameters used here lead to a power spectrum comparable amplitude to the
background. However, large Poisson noise due to the small photon count rates can
introduce O(1) uncertainties. For an anti-base subhalo distribution, detectability in
the energy bins at 1-2 GeV, 10-20 GeV and 100-300 GeV requires a boost factor
beyond the canonical thermal rate of ∼ 500,∼ 300 and ∼ 100, respectively.

Since astrophysical sources producing gamma-rays should highly contaminate the
sky regions around the galactic center and the galactic plane (|b| < 30◦ for |l| < 40◦),
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Figure 6.14: The dimensional angular power spectrum CI
l of full-sky gamma-ray

anisotropies due to ICS from the entire Galactic dark matter including the host halo
and subhalos with minimum masss Mmin = 10−6M⊙ for unbiased (dotted) and anti-
biased case (dashed) distributions compared to the Fermi-LAT gamma-ray observa-
tions (solid), at three gamma-ray energies: 1-2 GeV (green), 10-20 GeV (red) and
100-300 GeV (black).

the signals in those regions are usually masked. However, this procedure also removes
the dark matter contributions in those regions. We find that the constraining power
when using those masked maps is similar to those without mask. We thus do not
use masks in the current study.
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Chapter 7

Summary and Outlook

During the last three years, my main research has focused on the understanding
of the nature of dark matter. In order to shed some light on this exciting topic,
I proposed two different approaches to extract dark matter diffuse and anisotropy
signatures from astrophysical background. Here I briefly describe my main contri-
butions to this field.

Spectral Signatures of Decaying Dark Matter

In this study, we computed the prediction for three important signatures from de-
caying dark matter, namely the synchrotron emissions, the positron fluxes and the
gamma ray fluxes including the inverse Compton photons resulting from energetic
electrons and positrons through scattering with low energy target photons in addi-
tion to the bremsstrahlung emissions.

In the view of the recent experimental observations such as the radio full-sky sur-
veys, the PAMELA data and the full-sky gamma-ray observations by Fermi-LAT,
we introduced useful response functions that can be applied to constrain any in-
teresting decay models. Robust constraints can be obtained in terms of convolving
the response function with the specific decay spectrum into electrons and positrons.
Our results show that the resulting constraints depend mostly on the set of propa-
gation parameters rather than the halo profiles. We have finally applied our method
to provide model independent constraints on concrete decay modes. In the most
case, we found that the strongest constraints on injection spectrum at low energies
(<∼ 1000 GeV) come from the positron data due to its lowest background and at
high energies (>∼ 1000 GeV) from gamma-ray data. The radio data always provide
a relatively weaker constraining power.

Anisotropy Signatures of Annihilating Dark Matter

In addition, we perform a detailed study of the anisotropy related to the extragalactic
and the Galactic dark matter signals. At the radio band, we calculated the angular
power spectrum of the cosmological background of synchrotron emission from the
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electrons and positrons produced during the annihilations of the extragalactic cold
dark matter. The resulting radio background around ≃ 2 GHz and its angular
power spectrum for multipoles 200 <∼ l <∼ 3000 has comparable or better sensitivity
to dark matter annihilation cross sections than other signatures. Under reasonable
assumptions on dark matter clustering and magnetic fields in the halo environment,
the sensitivity of our signal is considerably better than the conservative limits based
on the annihilation of dark matter into neutrinos [149], and comparable to the limits
on its annihilation into gamma-rays from diffuse cosmological emission [150].

Furthermore, we investigated the angular power spectrum of the inverse Comp-
ton gamma-ray emission from electrons and positrons produced by the Galactic
dark matter annihilation. We considered two extreme cases for the radial distri-
bution of subhalos and simulated the full-sky gamma-ray maps at three energies
through realizations of a large number of subhalos with masses down to 10−6M⊙.
The contributions to the angular power spectrum and the total flux from the smooth
host halo were also made. We then compared the predicted anisotropy signals with
the Fermi-LAT observations and discussed the detectability of these signals. We
found that, unlike the total gamma-ray angular power spectrum observed by Fermi-
LAT, the angular power spectrum from inverse Compton scattering is exponentially
suppressed below an angular scale determined by the diffusion length of electrons
and positrons. For TeV scale dark matter with a canonical thermal freeze-out cross
section of 3×10−26cm3/s, this feature may be detectable by Fermi-LAT in the energy
range 100-300 GeV after more sophisticated foreground subtraction.

Outlook and Prospects

We already noticed that the largest uncertainties in the predicted signals come from
poorly known propagation parameters, such as the reacceleration of electrons and
the height of the diffusion zone. The corresponding uncertainty can reach one order
of magnitude. Due to these uncertainties it is hard to obtain any definitive constraint
on dark matter. The forthcoming AMS-02 experiment [198] will however provide
very accurate data on the unstable/stable ratios (as well as for B/C and other stable
secondary/primary ratios), which might allow a more precise determination of the
diffusion height scale L. Also, a more sophisticated foreground subtraction will
significantly improve the detectability of dark matter. More works in these issues
will therefore be required to gain insight.

On other hand, for anisotropy gamma-ray signatures, we have assumed homo-
geneous and isotropic magnetic fields and interstellar radiation field. However, in a
more realistic case where the radiation and magnetic fields depend on the position
in the Galaxy [200], the angular power spectrum should be modified at least at large
angular scales. In particular, the small scale fluctuations of the magnetic field could
affect the distribution of electrons and positrons [259], influencing the angular power
spectrum at all scales. Moreover, a space-dependence of the diffusion length could
also lead to a directional dependence of the angular power spectrum. Obviously
detecting the differential effect of the anisotropy signal across the Galactic latitude
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would be even more difficult than detecting the signal integrated over the whole sky.
However, it could introduce subtle effects when part of the sky is masked out, e.g. to
avoid the contribution from the Galactic plane. These complications should be in-
vestigated more thoroughly in the future by performing a real 3D simulation through
numerically solving the transport equation for electrons and positrons. While the
formalism developed in Sect. 6.2 can be extended to the anisotropies of the radio
sky, the small scale structure of the magnetic field is more important for synchrotron
emission and should be treated in more detail. In addition, our work could also be
extended to inverse Compton gamma-ray emission from extragalactic dark matter
halos.

Finally, annihilation or decay would also affect the expansion history of the
Universe due to a change of the equation of state [5, 260], and potentially leave an
imprint on the Universe. Considering the heating and ionization effects on baryonic
gas during the dark age [3, 4, 261], future 21 cm observation [100, 262, 263] could lead
to discovery of visible evidence for dark matter decays or annihilations. We believe
that radio observations in particular the future instruments such as the SKA [101]
can provide valuable information on the nature of dark matter.
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Appendix A

Fourier Transforms

Figure A.1: The normalized Fourier transforms y1(k, M) (solid lines) and y2(k, M)
(dotted lines) of ρh and ρh2 , respectively, as functions of co-moving wavenumber k.
The vertical lines denote the scale k = 1/rs(M).

The Fourier transform of the spherically symmetric NFW profile of mass M can
be written as

Fρh
(k,M) =

∫ rv

0

ρh(M, r)
sin(kr)

kr
4πr2dr , (A.1)

and analogously for Fρ2
h
(k,M). For the purpose of plotting these Fourier transforms,

see Fig. A.1, it is convenient to renormalize them to unity for k → 0 by introducing
the new functions y1(k,M) = Fρh

(k,M)/M and y2(k,M) = Fρ2
h
(k,M)/

∫

dVhρ
2
h(r).

We then have yi(0,M) = 1, and yi(k > 0,M) < 1 for i = 1, 2. For the NFW density

107

anisotropy/pics/pic_fourier_rho.eps
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profile,
∫

dVhρ
2
h(r) = fcMρm∆c(z), where fc = (c3/9) [1 − (1 + c)−3] / [log(1 + c) − c/(1 + c)]2,

and ∆(z) ∼ 200. The mass of the halo within radius r increases ∝ r2 for r <∼ rs,
and then increase logarithmically for rs <∼ r <∼ rv where ρh(r) ∝ r−3. Therefore, the
dominant contribution to the halo mass comes from r <∼ rs. Similarly, the annihi-
lation signal is produced mainly within r <∼ rs, increasing there ∝ r, but increases
only ∝ r−3

s − r−3 for rs <∼ r <∼ rv.
Fig. A.1 shows that for krs ≪ 1 we have y1,2 ≃ 1, whereas for krs ≫ 1 one has

y2(k,M) ∝ k−1, and y1(k,M) ∝ k−2.
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Appendix B

Radio Foregrounds

The radio intensity Iν at a given frequency ν can be expressed in terms of antenna
temperature TA(ν) via Iν = 2ν2kBTA(ν)/c2

0, where c0 is the speed of light. Alterna-
tively, Iν can be written in terms of the thermodynamic temperature as the temper-
ature of a blackbody with the given intensity at frequency ν, thus Iν = 2ν3/(ex−1),
where x ≡ hν/kBT with h the Planck constant. Thus, for power law spectra
Iν ∝ να, TA ∝ να−2. In general, the CMB is expressed in terms of thermody-
namic temperature T , while Galactic and extragalactic foregrounds are expressed in
term of antenna temperature. Thermodynamic and antenna temperature are then
related by T = TA(ex − 1)/x, and their fluctuations by ∆T = ∆TA(ex − 1)2/(x2ex).
For the CMB, x = hν/(kBTCMB) ≃ ν/(56.8 GHz) with the CMB temperature
TCMB = 2.725 K [245]. Since we consider frequencies ν <∼ 10 GHz in Sect. 6.1,
x ≪ 1 and thus T ≃ TA and ∆T ≃ ∆TA.

From the definition of TA we get

Iν = 3.06 × 10−25
( ν

GHz

)2
(

TA

µK

)

erg cm−2 s−1 Hz−1 sr−1 . (B.1)

Since for Iν ∝ να the power spectrum CIν

l of Iν at frequency ν scales as ν2α, we can
express it in terms of the power spectrum CTA(ν ′) of the antenna temperature TA

at frequency ν ′ via

√

CIν

l (ν) = 3.06 × 10−25
( ν

ν ′

)α−2

√

CTA

l (ν ′)

µK2

( ν

GHz

)2

erg cm−2 s−1 Hz−1 sr−1 .

(B.2)
Here, α = −0.9 for synchrotron emission and −0.15 for free-free emissions, respec-
tively [248]. For the normalization and the dependence on l, we adopted the best-fit
model from observations at 2.3 GHz [250]. These parametrizations have been used
in Fig. 6.7.
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