PM=induced
electromagnetic signals:

from radio o gamma rays

Marco Regis )
(Torino) (i peenme




Outline

 Types of mignal

[SAPP 2014, Belgirate, July 2014 DM-induced electromagnetic signals Regis Marco (University of Torino and INFN)



Outline /1

Types of signals

- Prompt y-ray emissions:
- Production and decay of 1t
- Final state radiation

- Direct emission (monochromatic line)
- Other (model dependent) features

- Radiative emissions of e'™-e™:

- Inverse Compton scattering

- Synchrotron radiation

- (Non-thermal) bremsstrahlung

- Few words on other processes

- Multi-wavelength perspective
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Targets

e The Galaxy: - Galactic center
- Milky-Way halo
- Subhalos

« Dwarf spheroidal galaxies

o Clusters of galaxies

o Other galaxies

 Cosmological emission
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Statistical correlations

 Extragalactic multi-wavelength background

e Halo model

e |-point correlation
« 2-point angular power spectrum

e AUtfOo- and cross-correlafions
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InsTrucTions

Huge topic, | had to do some selection.

Lectures trying to balance between physical concepts and lafest resulfs.

General references:

 Particle Dark Matter and signals:
“Particle Dark Matter: Observations, Models and Searches”, Edited by G. Berfone, Cambridge University Press 2010.

e Non-thermal emissions:
G. Rybicki and A.P. Lightman, 1979, 'Radiafive Processes in Astrophysics’, John Wiley & Sons Inc.
M. S. Longair, 2011, "High Energy Astrophysics’, Cambridge University Press.

A. Cooray abd R. Shefh, 'Halo models of large scale structure’, Physics Reportfs, Volume 372, 2002.
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Two keu—assumpiions

1) Dark Matter (DM) exists
and
is the main responsible for the gravitational potential inferred
in galaxies, clusters and cosmo.

2) Dark matter is non-gravitationally coupled
fo standard matter
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Indirect detection

Annihilations (or decays) of DM particles
in astrophysical objects
generate fluxes of “standard” detectable particles.

Supersymmetric
neutralinos

Energy of h prcss r byre DM mass ~ GeV-TeV
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Indirect detection channels

WIMPs are a primary source of

high-energy charged cosmic-rays,
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Energies and rates of the cosmic-ray particles
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Or of X-rays in case of keV dark
matter (as e.g. sterile neutrinos)
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PM source

Velocity averaged

o Spectrum (number of
annihilation rafe . o
particles i emitted per

/ annihilation in the energy
interval (E, E + dE) )

dN/
Annihilating DM: Q¢ (1, E) = (0,v) X Npairs(T) X ZB; (E)

~» DM sparial profile
p(r)?

Mmirs (?") —

&’ DM mass Spectrum (number of
decay rafe particles i emitted per
% //>decay in the energy inferval

(E, E+dE))
AN/
Decaying DM:  Q%(r, E) = I'qy x Npum(r) x ZBf ~(E)

Now(r) = 27
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Indirect signals

What is the annihilation/decay rate we shoud aim to test?

Annihilating DM = WIMP miracle (o) ~ 3 x 10720 cm® /s

Decaying DM = no strongly compelling value but ...
(GeV-TeV)

GUT-scale suppressed DM number violating dimension-six operators
(which gained some attention in connection to the PAMELA excess):

1
)
I's my

M4

1 TeV\?® M !
~ 10%7 ¢
76 > ( m,, ) (1016 GeV)
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Indirect signals

First you need a theory or an effective descripfion to set the branching
ratios of annihilation/decay into lighter parficles.

DM SM We will typically assume
lighter states to be SM
"y o parficles.
R
L
Decaying DM V,—> YL
W > vV

Af this level, kinematics is sfraightforward.
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Type of signals

* Prompt y-ray emissions:
- Production and decay of 1’
- Final state radiation
- Direct emission (monochromatic line)
- Other (model dependent) feaftures

« Radiative emissions of e™-e:
- Inverse Compton scattering
- Synchrotron radiation
- (Non-thermal) bremsstrahlung
- Few words on other processes

« Multi-wavelength perspective
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Neutral pion Qvoolucﬁow

If DM annihilates/decays into quarks, gauge or Higgs bosons particles then they
produce colored partons (quarks and gluons) which shower and subsequently
hadronize into color-neutral hadrons.

They in turn decay info light hadrons with the lightest being pions.

DM coupling to SM induces + interactions.
For the rau-lepton:

semi-hadronic decay
(P ~ 65%)

Hadrons

—_—

To compute showering and hadronization, betfter to use Monte-Carlo simulafions (e.g. Pythia, Herwig)
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Neutral pion decay

Main neutral pion decay mode is info two phofons (P=98.798%): T’ — YY

Lifefime ~ 107'¢ s

n° Decay

/WVWV\IV
u 9 1 _ _
T >= —(|lui > —|dd =)
P g 7 | |
\
WWW\ Y

The contribution to the y-ray DM-induced flux from production and decay of other
mesons and of baryons is usually subdominant
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Neulral
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energy in units of DM mass

DM-induced electromagnetic signals

ion deca

Hadronic channels are much soffer than

fhe tau case, with gauge and Higgs

bosons somewhat in between (butr much

closer to the quark case)

M. Farnengs, L. Plad, S Sespel (2004)
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Final state radiation

Radiafion by charged particles originated from the DM annihilation/decay.
(Birkedal ef al., 2005, Bergstrom ef al., 2009)

X

% f
gt propagator for f:
k 1 _ 1
X Getp)Z—m?Z ~ 2kp
x f X f Bringmann IDM08

For collinear photons, the virtual f is almost on-shell

Model independent spectrum

Very imporfant when m.,, >> m (and especially for light leptons which do not decay intfo pions)

Logarithmic enhancement of the cross-section ~ log %(1 — .’l?)
f

ISAPP 2014, Belgirate, July 2014 DM-induced electromagnetic signals Regis Marco (University of Torino and INFN)



Final state radiation

104 . . . _ Bergsfrometal., 2005
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Electroweak corrections

Final state radiations of Z and W-

%-@ > Significant contribution af small photon
’ energy and for large DM mass.
\\\nf "‘*‘-ih‘\
' wp at M = 3000 GeV
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Monochromatic line

(width ~ v/c ~ 10™ - i.e., Doppler broadening due to galactic rofation)

It has to be loop suppressed
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Direct annihilation info photons produces
nearly monochromatic spectral signatures
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Monochromatic line

Gustafsson et al. 2007_
f Y
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Monochromatic line

In case of decaying DM the line is at Eﬁ (1 —
Examples:
w V1
1 X

R-parity violating neutralino

Berezinsky, Masiero, Valle, 1991

Sterile neutrino (— keV-line)
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Other speciral teatures

“Virtual” internal bremsstrahlung

x Bergstrom et al., 2005 f

It can be important for some
models, namely for
annihilations info charged
bosons mediated by t-channel
particles degenerate in mass
with DM
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DM-induced electromagnetic signals

More model-dependent than final
state radiafion
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Other speciral teatures

Cascade decays

Mardon et al., 2009 T

Dark matter annihilates
info light degrees of freedom which
in turn decay into photons.
“Cascade annihilations”
(box-shaped features)

1 qto:[) 106 . Ibarraletal.,20|12
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PrompT specTrum

Brimgmann & Weniger (201.2)
I -

AEJE = 0.15 ;
) J AEJE = 0.02 : ;
[ Y
L !'_ 5
P o .|l|
— "
% gq.£Z WW .
e, .
v OLE a E
0.01F ;
0.02 0.05 0.10 0.20 0.50 1.00 2.00

x=E[m,

Bulk of the emission fypically smooth (i.e., hardly distinguishable
from other astrophysical emission) but pronounced peaks near
fhe kinematic endpoint.
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PrompT specTrum

An incomplete list of references for computations

d‘\’:—f
of annihilation yields info photons u'E (E)

including (most of) the mentioned effects:

Fitting funcfions:
Fornengo, Pieri, Scopel, PRD 2004.
Cembranos ef al.,, PRD 2011.

Numerical implementations:

DarkSUSY (Gondolo et al., JCAP 2004, http://www.fysik.su.se/~edsjo/darksusy/)
MicrOMEGASs (Belanger ef al., JCAP 2005, https://lapth.cnrs.fr/micromegas/)
PPPC 4 DM ID (Cirelli et al., JCAP 2012)

Mostly based on PYTHIA.
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Radiafive emissior

Ultra-relativistic electrons and positrons originated from DM annihilation or decay and

fhen inferacting with the interstellar medium can radiate photons at different frequencies.

electron phgmﬂ

—

We need to study the production of e™-e".
Main channels:
- Production and decay of charged pions (for quarks, gauge bosons and fau)
- Decays of leptons and gauge bosons directly info e’-e” or info muons
(with subsequent decay into e’-e)

Higher order corrections (EW bremsstrahlung, efc..) similar fo the phofonic case but
fypically less considered since do not provide spectral features.
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Charged pion decay

Production of charged pions proceeds in a similar way as for neutral pions.

Main decay mode (P=99.987//%) is leptonic: T — W+ v,
Lifetime ~ 2.6 107° s

Subsequent decay of muons info electrons/positron (P~100%)
Lifefime ~ 2.2 10° s po—e VeV

Pion Decay Muon Decay

<l
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Leplonic decays

Decay into e'-e” for leptonic final states

TAU
—>_/Vr Brancing rafios are
T_ | ] 74] % for u—vuvﬂt
"'y e and
Yakal <e 5.4 17.83% for €V, V.
Vs ?Js d The rest are semi-hadronic
decays (production of pions)
MUON Muon Decay 7.
W = +y - L : .
€ ete. e'+e line for direct emission
(rypically small but NOT loop
Ll v

suppressed)
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Propagatioy

From the injecfion disfribution of e™-e” one needs fo compute the equilibrium distribution,
faking info account various inferactions with the interstellar medium.

TRANSPORT EQUATION

jgmt’ Reoccelenation A
(7 pt) o & - 1 e Pod an g Suvees
a” (r' P J — T ; (DJ‘.!'T'”-,' = ﬂ: n; ) 0 }J Dpp a n-;' a [P ni — p (T ' ﬁ} 'F?--j] T q(r P ”

ot V\G Op 1 (}}/
See e.g.. Berezinski et al., 1990

ni(p)dp = ne(r,E)dE = A p* f(r, p)dp

M A TENL A A LT

1 9 9 1 Stafionarity
— (_ r Dr f 4+ —— (pp ) — QU }J) (radiative cooling of e’-e” < hundreds of Myr af the energy of interest)
r? Or or 2 Op ’ ,
D= O] Spherical symmetry
(collisionless and dissipationless DM)
[
ne(E,r) = ! f dE’ QE(E": r) Radiafive losses at injection place
b(E: Ti) E (in case of strong confinement)
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Disentanglement from ‘astro® sources

How can we distinguish the DM-induced electrons and positrons from the non-
thermal components produced by astrophysical sources?

SPATIAL FEATURES

e’ primary spectra DM annihilation channel

MDM=IO(](]GeV§ - = = 7

SPECTRAL FEATURES: g A - :

- spectral curvature - 5 o

= LE NE t

- = > E r é _—— W

cutoff at E = M_ z !

1071 E '.".:?‘E —_— h

- pronounced peaks R :
10~ | o Vou

1

w: w*t 1wt o w? o wt
x=K/Mpu

Cirelli et al., 2012
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Inverse Complon scallering

Interacting with the interstellar radiatfion field, relativistic e™-e
upscatter photons producing an inverse Compton emission
at X- and y-ray frequency.

low-energy X- or y-ray IJ
.""" ~a

hoton

ol

a—
- electron

€ = energy of target photons
Pro(r, E, y) — c hy /dg nﬁf(f, rr) o(e, v, E) n = energy spectrum of target photons

o = Klein-Nishina cross-section

Radiative M,
.. Jilyr)=2 dEP(r, E, v)n,(r, E)
emISSIVITy ",
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Inverse Complon scallering

u__is the energy density of target photons

Loss (dE) 4 (U2 ) 5 o, = Thomson cross-section
4
IC

—_— = —OT7 Clygyg
rate dr 3 m

Valid only it yhw < mec?
Otherwise Klein-Nishina corrections

2

Starlight in the Galaxy
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10
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Erc =53 x107° ( :v’) %GEV ) '!‘_Ug'_u
Ge € 10" 1 10 10° 10’ 10*

A (um)

ISAPP 2014, Belgirate, July 2014 DM-induced electromagnetic signals Regis Marco (University of Torino and INFN)



Su\ngaev——’Z.e\ ‘dovich ettect

When CMB photons encounter hot elecfrons,
they can gain energy via IC scattering.

MICROWAVE RACKGROUND
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FHOTO
\
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20 %010 =0 500
Frequency (GHz)

Non-thermal SZ effect associafred
fo e’-e” originated from DM
annihilation or decay

10

x = hv/kgTy
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Synchrotron radiaTion

Emitted in a medium with magnetic field, high-energy electrons and
posifrons give raise to a radio continuum diffuse emission associated to
synchrotron radiafion.

Magnetic
field
line

Electron energy corresponding fo the
peak of synchrotron power
(in the monochromatic approximation):

E ~ 15\/VGHZ/B;JG GeV

L
w Spiraling

‘ electrons

Credit: Sky & Telescope / Gregg Dinderman
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Synchrotron radiaTion

v=029v_
(a) / (b)
\/383 08 "‘I -
Poynen(r, E,v) = 5 B(r)F(v/v.) L\ 0" 4
MeC 1\
= ff dz K3 o &
ve = 3/(47) - ce/(mec?)*B(r)E? | e T ) |
X=w/w. = v/ |
In the monochromatic approximation:
_ dne L dE. (v B
.}'M(L": F‘) — - (EE (UJ: T') A E)HFH(EE (I’;): T’)
dE, dv

B\’ E
.T—h n i g = - [}
Wi bsyn = 0.0254 (H G) Gov
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Sunchrotron vs 1C

LOSS RATE dE 4 U2 ,
(averaged over an isofropic dr — 39T CUmag | — |V
distribut ¢ oiteh es) sync ¢
istribution of pitch angles B2
Umag — 2}'_1»[]
2 -. _
Comparison with (dE/dt)sync  Umag B 0.26eVcm ™3
= — =0.095 | —
IC loss-rate (dE/dt)r¢ Ure nG Ure
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Bremssirahlung

Electron

Rela“\”SHC (ﬂOn—rhermaD (Negative charge|

lon
[Positve charge|

bremsstrahlung in ionized or
neufral gas

The loss rate can be typically
imporfant af lower energy than
for IC and synctrofron

do(E. hv, Z)
L, = h.p/ dl 'Hc:(E) ; n; (j(hy)

The emission can be important
in the range roughly, do/d(hv) x E

few MeV-few hundreds of MeV
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Other vadiative processes

Heating of the ambient ionized plasma by means of

. dE FE.
Coulomb collision (_) x log —=<
dt ) coul MeC

2
Loss rate important below few hundreds of MeV

Colafrancesco et al., 2005

MR and Ullio, PRD 2008 22
02{, ||||I'I'IT| |||||rll] ||||||I'I] ||||I'ITI'| |||||rll] ||||||IT| ||||I'ITI'| |||||rll] |||||I'I_1| | |
! = Synchrotron -
21 — —
< — — — - Inverse Compton
|~ .. i Synchrotron -
2 S o lonization
107 S +=++= Coulomb ] 20 —
i Mo L e Bremstrahlung ) |
i IS St 19
10" - . |
— 8 O Diffusion
B 14 i 8
= 10 i i s
T e R - 17
10|U - | 16
10°F . 15
- Galactic center ] "
102_|||||,|_|,|J |||||m] ||||||u] |||||,|,|,|J |||||u]] ||||||uJ |||||,|,|,|J |||||u]] |||||u_,u
10° 10" 10” 10’ 10° 0.0010.00 01 1 10 100 1000 10* 105 106

p [GeV] E(GeV)

ISAPP 2014, Belgirate, July 2014 DM-induced electromagnetic signals Regis Marco (University of Torino and INFN)



DM annihilating/decaying during the recombination epoch and slightly affer injects energy which can
be absorbed by the plasma (e.g., Padmanabhan and Finkbeiner 2005, and Mapelli ef al., 2006), via
collisional heating, and atomic excitations and ionizafions

/ o /
hd
modify the evolufion of

changes the remperature

free electron fraction Xe
of baryons ,
and consequently the anisotropy of the CMB
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Multi—wavelength perspective

Sizable production of gamma-rays typically comes with a comparable e’-e yield

MR and Ullio, PRD 2008
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Mulfi—wavelength signal ot the background

S. Funk, CR2012
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Multi—wavelength signal of DM

Mulri-wavelength spectrum from radio up to gamma-rays given by the described
prompt and radiafive DM-induced emissions.
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Telescopes
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