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Identikit of dark matter particles
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The relevant properties of a DM particle that we can derive 
from the indirect detection of an astrophysical signal are:

Ø Annihilation cross-section
Ø Mass
Ø Branching ratio in the different final states

Signal amplitude: 𝑚!" , 𝜎𝑣

Spectral features: 𝑚!" , branching ratio

𝜒𝜒 → 𝑏$𝑏 → … → 𝛾𝛾



Multi-wavelength searches

𝐸! ≤ 𝑚"#

eV keV MeV GeV TeV

radio

infrared

X rays
𝑒±
X rays,
𝛾 rays

𝑒±
𝛾 rays

X rays, 𝛾 rays: IC on CMB and on the ISRF
radio:  synchrotron on ambient magnetic fields

𝑚"#
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Gamma-ray sky

7Galactic Centre, Fermi bubbles

Galactic Plane

Point sources

Extragalactic gamma-ray background 
+
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What N-body simulations tell us?

Chacon et al, Rev.Mex.Fis.E 17 (2020) 2

ØHierarchical

ØAnisotropic
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What N-body simulations tell us?
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Anisotropic EM signal

ØHierarchical

ØAnisotropic



Gamma-ray flux from dark matter
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J 𝜃 = ∫+.-.. 𝜌
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Line of sight

DM density

J-factor

𝑑𝜙
𝑑𝐸0 𝑑Ω

𝐸0, 𝜃 =
1
4𝜋

𝜎122𝑣
2𝑚34

/
𝑑𝑁
𝑑𝐸0

𝐸0 𝐽 𝜃

Energy 
spectrum

Particle
properties



Unresolved Gamma-Ray Background

1111

+ Dark matter
Astrophysical sources

Star-Forming galaxies Active Galactic Nuclei
Blazars: 
• BL Lacs
• Flat-Spectrum Radio Quasars

Misaligned Active Galactic Nuclei



Cross-
correlation 

signal
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EM signals
• 𝛾 rays
• X rays
• IR emission
• Radio waves NEW!HI

Gravitational tracers
Galaxy catalogues
Clusters catalogues
Weak lensing cosmic shear



21cm line
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𝑣-
𝑣5
= 1 + 𝑧 67



Intensity mapping
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We can map the large-scale structure 
in the Universe by measuring the 
21cm line brightness temperature 𝑇%:

𝐼 =
2𝜐& 𝑘' 𝑇%

𝑐&

No need to resolve the individual galaxies.

Measuring the integrated emission 
of a spectral line 



Angular 
Power 

Spectrum

𝐼# 0𝑛 = intensity of the source field 𝑔
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Window functions Fourier Power Spectrum
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Halo model
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√

Ø The entire mass of the Universe is contained
within distinct units, called halos.

Ø 2 levels:

• Mass distribution within one single halo

• Spatial distribution of the halos themselves

𝑟



Halo model
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Halo mass function: Sheth-Tormen Density profile: NFW

𝑟.2

𝑟.3

𝑟4



Spherical collapse
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𝛿 𝑥 =
𝜌 𝑥 − 𝜌̅

𝜌̅

𝛿 𝑥⃗, 𝑡 > 𝛿$% = 1.686

The region collapses and a halo forms

Density contrast



Halo bias

19

𝛿M 𝑥 = 𝑏 𝑀, 𝑧 𝛿 𝑥

BiasHalo density
constrast

Matter density
constrast



Subhaloes
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𝐵!"#: Moliné et al. Volume 466, 
Issue 4, p. 4974–4990 (2017)

Boost factor



Fourier power spectrum
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𝑃+,25 = O
#!"#

#!$%

𝑑𝑀
𝑑𝑛
𝑑𝑀

R𝑓+∗ R𝑓,

𝑃+,&5 = O
#!"#

#!$%

𝑑𝑀2
𝑑𝑛
𝑑𝑀2

𝑏+ R𝑓+∗ O
#!"#

#!$%

𝑑𝑀&
𝑑𝑛
𝑑𝑀&

𝑏, R𝑓, 𝑃6+7

𝑃+, = 𝑃+,25 + 𝑃+,&5



Fourier 
Power 

Spectrum
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Window 
functions
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Validation
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Experiments

25



Fermi-LAT specifications

26Ackermann et al. (2018)

Fermissimo

Exposure 2 T exp89:;<
Angular

resolution
Conservative: 0.5 T σ=89:;<

Optimistic: 0.2 T σ=89:;<



Intensity mapping specifications
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MeerKAT SKA1

S [𝐝𝐞𝐠𝟐] 4000 25000

𝐟𝐬𝐤𝐲 0.097 0.61

t [hr] 4000 10000

𝐍𝐝 64 133 + 64

𝐃𝐝𝐢𝐬𝐡 [𝐦] 13.5 14.5

𝐃𝐢𝐧𝐭𝐞𝐫𝐟 [𝐤𝐦] 1 3

n(u) 0.0005 0.005

𝐍𝐩𝐨𝐥 2 2

𝐍𝐛 1 1

[𝐳𝐦𝐢𝐧, 𝐳𝐦𝐚𝐱] L-band: [0.0, 0.58]
UHF-band: [0.4, 1.45]

Band 1:  [0.35, 3.0]
Band 2:   [0.0, 0.5]

Configuration Single-dish
Interferometer

Single-dish
Interferometer

S [𝐝𝐞𝐠𝟐] 𝐟𝐬𝐤𝐲 t [hr] 𝐍𝐝 𝐃𝐢𝐧𝐭𝐞𝐫𝐟 [𝐤𝐦] 𝐍𝐛

SKA2 30000 0.72 10000 20000 10 36



Results

28



Evolution of 
the error 

bars
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MeerKAT x Fermi SKA1 x Fermi

SKA2 x Fermi SKA2 x Fermissimo



Signal-to-noise ratio

𝑆𝑁𝑅 = 𝑛 𝜎

𝑆𝑁𝑅& = C
+-6,K

𝐶+LM × O

∆𝐶+LM ×O

&



Dark matter constraints
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SKA1

Band 1: 0.35 < z < 3     Band 2: 0 < z < 0.5

MeerKAT

L-band: 0 < z < 0.58 UHF-band: 0.4 < z < 1.45



Dark matter 
constraints
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Dark matter 
constraints
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Fermi intensity: Ackermann et al, Phys. Rev. Lett. 121 (2018) (24) 241101
Fermi autocorr: Akermann et al, Astrophys. J. 799 (2015) (1) 86
Fermi dSph: Albert et al, Astrophys. J. 834, 110 (2017)



Take-home message

𝑚P = 100 GeV

The cross-correlation HI × γ rays is a very promising channel1

MeerKAT: 
SKA1: 

2 SNR = 3.7σ
SNR > 5σ

Competitive bounds for DM with SKA1 and SKA2+Fermissimo:3
SKA1+Fermi 

SKA2+Fermissimo

2σ bound

2σ bound

5σ detection

0.65× σv QR

0.02× σv QR

0.10× σv QR

34

Pinetti et al, JCAP 07 (2020) 044, 
arXiv:1911.04989
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Pinetti et al, JCAP 07 (2020) 044, 
arXiv:1911.04989

Thank you for 
your attention!



Back-up slides
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Variance of the signal: 𝛾 rays

Δ𝐶ℓ
+, &

=
1

2𝑙 + 1 𝑓4ST
𝐶ℓ
+, &

+ 𝐶ℓ++ +
𝐶U+

𝐵ℓ,+&
𝐶ℓ
,, +

𝐶U
,

𝐵ℓ,,&

371.0-1.7 GeV 69.2-120.2 GeV



Intensity mapping specifications
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𝐶&,()$* =
𝑇+,+- 𝑆

𝑁. 𝑡 Δν 𝑁/𝑁012
Camera et al, Phys. Rev. 
Lett. 111 (2013) 𝐶&,)34567 =

𝑇+,+- 𝑆 FoV
𝑛 𝑢 𝑡 Δν 𝑁/𝑁012

Bull et al, Astroph. J. 
803 (2015)



Variance of the signal: 21cm

Δ𝐶ℓ
+, &

=
1

2𝑙 + 1 𝑓4ST
𝐶ℓ
+, &

+ 𝐶ℓ++ +
𝐶U+

𝐵ℓ,+&
𝐶ℓ
,, +

𝐶U
,

𝐵ℓ,,&
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Fermi x SKA1
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Band 1: 0.35 < z < 3.0 Band 2: 0 < z < 0.5



Dark matter constraints
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SKA1

Band 1: 0.35 < z < 3     Band 2: 0 < z < 0.5

MeerKAT

L-band: 0 < z < 0.58 UHF-band: 0.4 < z < 1.45

95% CL∆𝜒& = 𝜒"#VO& − 𝜒O& = 4



Boost factor
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baryonic matter

𝐵!"#: Moliné et al. Volume 466, Issue 4, p. 4974–4990 
(2017)

log𝐵(𝑀, 𝑧 = 0) = C
+-W

X

𝑑+ log
𝑀
𝑀⊙

+

𝐵 𝑀, 𝑧 =
𝐵(𝑀, 𝑧 = 0)

1 + 𝑧



Halo model
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Halo mass function: Sheth-Tormen Density profile: NFW Halo concentration: Correa



JCAP 07 (2020) 044
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Fourier power spectrum
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𝛿 𝑥 =
𝜌 𝑥 − 𝜌̅

𝜌̅
Density contrast

𝜉 𝑟 = 𝛿 𝑥 𝛿 𝑥 + 𝑟

𝑑𝑃8- = N𝑛-𝑑𝑉8 𝑑𝑉- 1 + 𝜉 𝑟

2𝑟
𝑑𝑉2

𝑑𝑉&

1

𝑃 𝑘 = Q𝑑9𝑟 𝜉 𝑟 𝑒):6

Δ𝜌
=𝜌 ≪ 1

Δ𝜌
=𝜌 ~1

Linear regime Non-linear regime



Linear
power 

spectrum
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CAMB: Code for Anisotropies in the Microwave Background



Bias
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Annihilating 
dark matter
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Halo model 
vs

N-body 
simulations
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Fornengo and Regis, 
Front.Physics 2 (2014) 6



Astrophysical sources
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Type 𝚪 𝑳𝒎𝒊𝒏
[erg/s]

𝑳𝒎𝒂𝒙
[erg/s]

GLF

BL	Lac 2.11 7×10F9 10G- Ajello	et	al	(2014)

FSRQ 2.44 10FF 10G- Ajello et al (2012)

mAGN 2.37 10FH 10GH Di Mauro et al (2014)

SFG 2.7 109I 10F- Gruppioni et al (2013)

𝑃OO25 𝑘, 𝑧 = O
Z!"#

Z!$%

𝑑𝐿 𝜙 𝐿, 𝑧
𝐿
𝑔4

&

𝑃44&5 𝑘, 𝑧 = O
Z!"#

Z!$%

𝑑𝐿 𝜙 𝐿, 𝑧 𝑏 𝑀 𝐿 , 𝑧
𝐿
𝑔4

&

𝑃6+7 𝑘, 𝑧



Astrophysical sources
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Window functions

52

𝑊LM 𝑧 = 𝑊W𝑇[%4(𝑧) W\]: Battye et al. 2012

𝑊! 𝐸, 𝑧 =
1
4𝜋

𝜎𝑣
2 ∆&

Ω"# 𝜌^
𝑚"#

&

1 + 𝑧 3 𝑑𝑁
𝑑𝐸 𝐸 1 + 𝑧 𝑒._ dN/dE:	Cembranos et	al.	2010

τ: Finke et	al.	2009

𝑊$
J 𝐸, 𝑧 =

𝑑K
1 + 𝑧

-
Q
K345

K367
𝑑𝐿
𝑑𝒩
𝑑𝐸 𝜙 𝑒._

E = 5 GeV

𝑇[%4 𝑧 = 44 𝜇𝐾 1 + 𝑧 & 𝐻W
𝐻 𝑧



Blazars

Luminosity-dependent density evolution

Ajello et al, Astrophys.J. 780 (2014) 73



Blazar
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Intensity mapping foreground

Galactic

Extragalactic

• Synchrotron emission
• Free-free emission

• Bright radio galaxies
• AGN
• Star-forming galaxies

Atmospherical noise

Radio interference

D. Matshawule et al, MNRAS (2021) Vol. 506, Issue 4, pp 5075-5092



Intensity 
mapping 

foregrond

56Santos et al, PoS AASKA14(2015) 019



Other window functions
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Fornengo and Regis, 
Front.Physics 2 (2014) 6



Gamma 
rays
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Gamma 
rays
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Neutral 
hydrogen

60



Phased 
Array 
Feeds

61Adapted from: https://phys.org/news/2018-05-phased-array-imaging-broadens-vision.html



Gamma-ray modelling
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Energy 
spectrum
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𝑚&' = 1 TeV



Error estimation
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∆𝐶6 =
&

&6V2 `()*
𝐶6 +

a+
',
- Auto-correlation

∆𝐶6
+, =

1
2𝑙 + 1 𝑓4ST

𝐶6
+, &

+ 𝐶6++ +
𝑁+
𝐵6,+&

𝐶6
,, +

𝑁,
𝐵6,,&

Cross-correlation

𝑇4T4 = 30 + 60
300 𝑀𝐻𝑧

𝜈

&.3X
𝐾

𝐵6LM = 𝑒𝑥𝑝 −
𝑙&

2
1.22
8 ln 2

𝜆[
𝐷

𝐵6"# = 𝑒𝑥𝑝 −
𝑙&𝜎%&

2

𝜎% = 𝜎W 1 + 0.25𝜎W𝑙 .2

𝜎Wcde*+ = 𝜎∗ 0.5 GeV T
𝐸

0.5 GeV

.W.fX
+ 0.05 deg

𝜎Wcde*+44+*[ = 𝑁 T 𝜎∗ 0.5 GeV T
𝐸

0.5 GeV

.W.fX




