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The Coma galaxy cluster
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The thermal component (from X-rays)
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Maybe a second thermal component
The soft-X-ray excess in the outskirts of Coma (r > 1 Mpc)

Fitted by a second thermal component of T = 0.22 keV
consistent with Warm-Hot Intergalactic Medium filaments found in numerical simulation of cluster formation
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Non-thermal components: the radio halo of Coma (r < 1 Mpc)

Giovannini et al 1993 100
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Diffused over Mpc scale - Requires a population of relativistic non-thermal electronsy > 10* for B ~ 0.1,1 uG
(Note, Faraday Rotation Measurements suggest <B>~ 2 uG - Bonafede et al. 2010)

Primary or reacceleration model: electrons produced by AGN activity (quasars, radio galaxies) or star formation
(supernovae, galactic wind, etc). Synchrotron and ICS radiation losses should be balanced by reacceleration
(shock waves or magneto-hydrodinamics turbolences) - see Brunetti et al 2004 -

Secondary model: electrons produced in inelastic nuclear collisions between relativistic CR protons and thermal
ions of the intracluster medium. B > few uG is needed + associated photon and neutrino production
- see Blasi & Colafrancesco 1999 -



EUV excess (countsfsecfarcmin®)

The extreme UV excess in the center of Coma (r < 1 Mpc)
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Possibly generated by a secondary
population of relativistic electrons -
produced through inelastic collisions of
CRs with cluster plasma (secondary
model) - which inverse Compton scatter
off CMB photons
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The hard X-ray excess in the center of Coma (r < 1 Mpc)

Blasi & Colafrancesco 1999
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Possibly generated by ICS off CMB of the same electrons responsible for the radio halo (primary or secondary).
Warning: in case of secondary model, the magnetic field needed may overproduce y-rays (Blasi&Colafrancesco
1999)

Alternative: maybe due to a supra-thermal electron tail developed in the thermal electron distribution due to
stochastic acceleration in the turbulent intra-cluster medium (Ensslin et al 1998)



'l'hermal gas at T= 8. 2 kev
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An Alternative Non Thermal Hypothesis:
(although non asked for...)
Relativistic electrons are produced by DM annihilation




MILLENNIUM Simulation

CDM universe
Springel et al. 2005

Simulates halos on cosmological
scales, then resimulates a smaller
patch with higher mass resolution
down to cluster scale.

Tracks the formation of galaxies and
quasars in the simulation, by implementing
a semianalytic model to follow gas, star and
supermassive black hole processes within
the merger history trees of dark matter
halos and their substructures

z=0
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An Alternative Non Thermal Hypothesis:
(although non asked for...)
Relativistic electrons are produced by DM annihilation

DM Density profiles can be inferred from astronomical measurements
or derived from numerical simulations
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DM best fit to the radio halo
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DM best fit to the radio halo

spectrum of Coma
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Multiwavelenght DM interpretation or exclusion?

g 7777 ]
Lo-r Colafrancesco, Lieu, Marchegiani, Pato & LP 2010
L= =
- MI=E| eV &
| 8 .I'_:It
T ———- —~ .
b | e -
E 4 i
net 01 < ¥ EGRET
i = I errmi 3]
9 - 'ITFE_HFE
pa 1013 | S T
= - o E
—a o '-\. ; |
1014 E"-_. Y - P | \'| i 'lll -
- - \ r'-.:__ . I'|| .-’// |I E
; ”: S | :
LO-18 = Il | ]
] L] ] WA | ". / .
a a (] 12 14 16 18 2 =2 24 28 28
Loy Freguency (Hz)
Lot E T T T T T 7
1 [ ]
L=
F Mx='5ﬂ e E
M E b ]
H,ﬂ|:- T ———- .
’ Vs i
el 077 | g;'FFEFL
'1 u o l\. I -\.1 \\L' 3
—10-1= [ o ] .
= o EW\\ Y H HESS
pag QO3 & | HJ’. I -
1-14 E' - -_‘1.""‘-\.“. | | E
= E
]
1U 15 / | |
oo f ;’x | |
E 1 L 1 i 1 i 1 i 1 " 1 n 1 M I " I I M-
a a ] 1z 14 1 18 20 22 244 =28 =28
Log Freguency (Hz)

=0 =22 24

18

16

1] iz 14 28
Log Freguenocy (Hz)
2 step:

The multiwavelength yield is compared with available
measurements or upper limits

Compute Inverse Compton Scattering,
Fic(E, . E)=cE, fden(e] a(E, e F)

. dn,—  dn,
it (ET,J‘J=de ( T dE+)‘D“3 (B4 E)
jic (By,r)
Siic(Ey) = /a‘a D3,

non-thermal bremsstrahlung
Ps(Ey. E.r) = CETZ nj(r) o( By, E)

and prompt y-ray emiSsion (more later)
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Fig. 4. The SED of the DM-induced e.m. signals in Coma as
predicted by the three DM models. Upper panel: M, =9 GeV
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Compatibility with the cluster heating rate
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Fig.5. The heating rate induced by DM secondary particles

in Coma as predicted by the three DM models with M, = 9
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flattening curves for 9, 60 and 500 GeV respectively). The values
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The sohd black curve shows the bremsstrahlung cooling rate of
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considering the effect of substructures. Colafrancesco, Lieu, Marchegiani, Pato & LP 2010
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Compatibility with multimessenger constraints
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U W from GC ys, diffuse ys, antimatter, CMB, radio ...

which excludes ANY dark matter interpretation
for smooth profiles
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Adding subhalos: modeling the structure of dark matter halos

Halos form through a hierarchical process of successive mergers.
The halo of our Galaxy will be self-similarly composed by:
-8 smoothly distributed component (p?y,,, single halo )
-3 number of virialized substructures (p?py; oy all halos)

[ 1\ /] f
C YY) o’do? :
9

Make use of simulations on galactic scale and use self-similarity

arguments to infer cluster properties.
Note: self-similarity proven from cluster to galactic scale



Adding subhalos: modeling the structure of dark matter halos

Halos form through a hierarchical process of successive mergers.
The halo of our Galaxy will be self-similarly composed by:
-8 smoothly distributed component (p?y,,, single halo )
-3 number of virialized substructures (p?py; oy all halos)
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N-body simulations study the smooth halo and the larger halos (M> 105 M

SllIl) :




Adding subhalos: modeling the structure of dark matter halos

Halos form through a hierarchical process of successive mergers.
The halo of our Galaxy will be self-similarly composed by:
-8 smoothly distributed component (p?y,,, single halo )
-3 number of virialized substructures (p?py; oy all halos)

N-body simulations study the smooth halo and the larger halos (M> 105 M

SllIl) :

Microphysics and theory of structure formation sets the mass of the smallest halo
because there is no enough cpu power to simulate small halos from collapse till today.




Modeling the structure of dark matter halos
from theory of structure formation (M< 10° M)
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Modeling the structure of dark matter halos
from N-body simulations (M> 10° M

sun)

0=0.77 (WMAP 8yr)*

MW-like halos at z=0

Via Lactea 2, Diemand et al Aquarius, Springel et al

*Note 04=0.8 (WMAP 7yr)



Modeling the structure of dark matter halos
from N-body simulations (M> 10° M)
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Modeling the structure of dark matter halos

from N-body simulations (M> 10° M

sun)

Halo and subhalo profile shape and concentration

Concentratlon pa,ra,meter

dlffer (beca,use of 08)
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Modeling the structure of dark matter halos
from N-body simulations (M> 10° M

Halo and subhalo profile shape and concentration

sun)

The higher concentration parameter at small radial distance
from the GC reflects:

1) The halo had to be more concentrated not to be disrupted
by tides, encounters, etc.

&) The closer to the center, the larger is the subhalo
permanence in the parent halo, i.e. the older is the subhalo.
Older subhalos are the ones that formed at higher o-peak

of the fluctuation density field, i.e. more concentrated than
halos of same mass which formed later - at M, =M*(z) -



Modeling the structure of dark matter halos
from N-body simulations (M> 10° M)

Subhalo abundance and density distribution

-y (GLOT M) ~ 11% |
oy GLOS M) ~ 50%.
L ,"An‘j;ibfia,séd radial distribution = *

sun

— VLl z,=104.3 .
- — VL-lIm, z,=56.7
ET — WL-im, z =104.3
(1] 10-2_
—— VL-lIm, WMAP1 - |
ek =
:h E = 10—
-z". C L
i I
10 % 10°
- translates i
. 10—
Linto slope -2 I
c '“']3 n-',u uéﬁ L1 Inl'| o5 . : 10" ol il ol ||||§|| ! |||i|||| |1||2|(|%gd'
: - - 10 10° 10° 107 ringel ek a.
Diemand et al 2008 Vimas ! Vg et M, [Mg] pring

Note the different subhalo definition (v, VS mass)
Slope -1.995 is consistent with both simulations within the fit errors



Compatibility with multimessenger constraints adding subhalos

Colafrancesco, Lieu, Marchegiani, Pato & LP 2010
S Subhalo population

amooth

). 0001 " mubhalos =
). 0001 ) _ ~.5u bhalos e
H"-\.

H In presence of a population of substructures with
SO M, ,,=10° Msun and radial dependence of the
N concentration parameter, a boost of ~ 35 still let some
smooth - models allowed, providing a favourable environment
(MW DM structure and propagation model)

- AQ=1075 gp 5 ] Note that subhalos are also needed to explain the surface
Here modeled after Via Lactea 8 brigthness profile of the radio halo
ey ) o — T T T T —T T T TTT]
pldeel 1 'H.
—_ — . . »'1.::}‘ MH-“H M 9 GeV
f wilE T M, =40 GeV - ‘#ﬁ ’ N X
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= [ moots \ =1 ~
3 I SImoof : o
'ﬁ i"\x "E .
Z 10 b R — =
E 1 z,

|

ONLY CORED PROFILE AND SUBHALOS
“ALLOWED” (maybe not excluded)

O [ aremin ]

Colafrancesco, Profumo & Ullio 2006
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The mutiwavelength/mutimessenger/mutitarget approach

@ = ParticlePhysics x Cosmology/Astrophysics x Transport

7<20
extragalactic ICS

&
l'.Lng-
In'l 'l

.a.rr"“m_—}-

see Profumo & Jeltema 2009

Milky Way

smocth

z~1000
recombination

e .Y modify
- .  the CMB spectrum

B

T

B et
cc®
CMB + VICS
starlig ht I NS
R _

Slide: courtesy of M. Pato



The y-ray sky

b= P X P

particle physics cosmology

MW smooth and single subhalo contribution

' M‘A,R),mp)-
oM, R,r) & [ dAdQ ‘( 7 )

l.os.

Integrated contribution of all the GALACTIC halos along the LOS

0I5 oo (1, AQ) fdedCff dﬂdcpfd%'(N\ R)- P(C)(I)Pc“g‘;Mo

l.os

Integrated contribution of EXTRAGALACTIC halos and subhalos

Computing the cosmological y-ray flux due to DM annihilation in halos and subhalos

d, _ov e pi dat.+ 2 B2 INEol+ 2) gy
dE, 8 Hy e 2N dE og

Enhancement due to halo weighted

hal
(I)COSMO
for the halo and subhalo mass function dlog M




The y-ray sky
Galactic and extragalactic: smooth + subhalos

T T T T
M PRGRONS i o vman punwriiks opsgRvaTON

2.4e—-02 1.0e—-01 4.4e—01 1.9e+00 8.1e+00 3.5e+01 1.5e+02

Mx =40 Gev;“ ov= 3}‘('1‘0-26 c%mgs'l’,-F; > 5_(}9V, Aquar"iiié

LP, Lavalle, Bertone & Branchini 2009



to be compared with the available data after background subtraction

ingredients

galactic diffuse model (+ isotropic) point sources data dark matter model

Cohen-Tanugi, Fermi symposium

Fermi data Galactic Center data




The antimatter sky - coherent halo description wrt y-rays
d*Ne

Compute the number density & la Delahaye et al. 2008 Ne(t, X, Eg) =

electrons and positrons

ane+ - Ke+(Ee+)V2ne+ - L (b(Ee+)ne+) - Qe"'()—('Ee"')
ot oE.,
protons and antiprotons
0
a—rir ~K(T)V?n, - = (sgn(z)v hy) = Q;(X, Tp) = 2hd ()T (TN,

Compute fluxes and boosts & la Lavalle et al. 2008

Dnon(E ) < OV > f:mde% [ d3‘(p5'“( )) 62 (%, 1)

diff.zone psun

< q)CR,cI > (ECR) X< OV > NC'f:CR dE% f d3‘ X < ?C:’ M (R) V (R sun( }\‘D) Niﬂ? < q)sub >

d diff.zone



The antimatter sky - coherent halo description wrt y-rays

Via Lactaa il
clumpy halo [8a)

1" bg

Injected spectra

bb (40 GeV] -
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smootn approx
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Compute fluxes and boosts & la Lavalle et al. 2008

d3— psm( )
r

f.zone psun

LP, Lavalle, Bertone & Branchini 2009

Ocnam(Ecr) X< OV > fECRdE G (X, )

[ dx<t>, (R) V<R R (%, hp) = N2 < ¢, >

diff.zone

<o > (Egp) x<ov> NC'f:cR dE%ECR



Constraints from CMB
- no structure dependence -

Injection of DM annihilation around z=1000
would affect recombination and hence modify the CMB

constraints on T <gus> from CWB
1|:|—:-':-

fogus [omsT]

(=]
1
w2

pmie

Ga.]ll Iocco Bertone 80 Melchlorrl 2009

1 10 1ad 1000 10000
. )

The radio sky
GC modeled coherently
with y-rays and antimatter

Compute synchtrotron power

N..(>E

1 (R,E) =~ 2, () e Eee)

2MMpy byn(X.E..)
dW, N,..E..)
v—"0 = dQ | dsppu(X)E(X,v) —e=—=e==

dv 5 EM;{; I_!; Pom(X)E(X, V) >
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, 0w w w' w' w 1w

| | I |
Regis & Ullio 2009
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Multi® constraints on annihilation cross-section

o [GE‘Y]
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Catena, Fornengo, Pato, LP & Masiero 2010

Different messenger play different roles for different channels
Yet the amount of exclusion is almost the same..
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Multi® constraints on annihilation cross-section
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In order to get bands of exclusion we change profile
(Via Lactea II or Aquarius with subhalos, isocored without subhalos) and
propagation parameters (inside the MIN-MED-MAX propagation model)



Compact way of plotting multi-wavelength constraints
APPLIED TO POSITRON FRACTION

: (ov) MED

—— Ls43wWw; 107 ot VL2
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] <— j.e. we fix ov at the level
explaining the data

(ov)

(O'V)pokm:ﬁ o

Pato, LP, Bertone 2009



Compact way of plotting multi-wavelength constraints
APPLIED TO POSITRON FRACTION

(ov)

o o . 1077
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Models exceeding 1 on any
of the other axes are excluded.
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Pato, LP, Bertone 2009



Compact way of plotting multi-wavelength constraints

APPLIED TO POSITRON FRACTION

Minimal Dark Matter models are excluded
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Compact way of plotting multi-wavelength constraints

APPLIED TO POSITRON FRACTION

VL2

Leptonic models are excluded
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Compact way of plotting multi-wavelength constraints
APPLIED TO POSITRON FRACTION
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NomuradeThaler models are excluded

Arkani-Hamed et al. model is the only one surviving
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Conclusions

Multi® analysis ust be applied to any
oandldate clg:.med to explam any e‘xcess |
: - . : . » :
In the case of Cema, it proved that the
. DM explanatlon of the radlo halo is- B
| possible only under favourable
- énvironment (proflle and propagatlon‘) g

-
-




