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Introduction to iaog FQLES T dRl -2, o ST
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<, L K
* * Diffuse radiq emission ..
located in cluster periphery
- * Extended sources (~Mpc)
"% No optieal c'op'mterpart '

o
(-

* Not associated with-any, #
. 'particular radio sQurce . #

- -
L] = 1 .

| 'Distur]ged X-ray morphology:
Relics associated to perturbed

galaxy clustérs
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. $ ® Dauble radio relic| . - B
L2 a .- «Merger.shocks
. ., ‘Abell 3667 2, : 2 ' il
SR T Mottgering et al, 1997) . = s
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Introduction to BadQ relics” -~

o
(-

(Finoguenov etsal. 201Q)

e | *X-ray thermal emission would 4

s ‘o imply a ju in density and
ib° d ® Dduble radio relic| . temgeratu% Y
2 . . . 5 M
Abell 3667 * Could be explained as a shock
TR ®ottgering et al, 1997) ", front of Mach number M~2
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Relic obs_ervations (\QWeer.en et al. 2010, 2011, 2012) |

MACS J1752.0+4440 -~
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. - | CIZA J2242.8+5301 Abel 2256
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Is.this scehario vali®in géneral?. .
. - g . AR " , . . 0 Y - .
' . ' \ - . . ‘ . i : g > % |
‘s 'B‘e‘\."-e [
_ - 3 Merger axis: maJor axis of X- ray
: dlstrlbutlon . o .-
" A - . . . ..
a: angle between merger axiss -
' - and Tine connectmg cluster and
. relic centers .
i . ™
: i 3: ang,le between relic or1entat10n
| . - and merger axis '
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Is this scehario veli®in géneral?

WSRT + ROSAT X-ray contours

Merger axis: major axis of X- ray
dlstrlbutlon _ . .*

.
. -
- i

0. angle between merger axiss

and Tine connecting cluster and
relic ce_nters ,

;
3: angle between relic orlentatlon
. and merger axis s ‘

1.4 GHz .
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Is.this scenario valiQm general?. |
. " \ - . . _I | h . . i : . L X
.' .
* Sample of ~35 relics S ._‘
20 40 i , _' B0 ' * Angles tand to cluste.r arounds
m;: angle{major axis cluster, cluster center—relic certer) [deg] E .

a~0° and B~90°

- * Consistent withwrelics tracing
shock waves, formed along the :
.merger ‘axis of clusters

B g i (van Weeren, Brueggen, Roet'tge_ring, Hoeft, Nuza & Intema, 2011)
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The radio relic -emisg_on: spectral index

\ . & . & . i L]
= a

* S(v) O v ™ «spectral index)

* Radillielic spectrum
suggestsS non-thermal
electrgn population

§pectra1 indéx grao.lrie'nt acfoés the relic
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The radio relic -emlsg_on: spectral index '

J Injection spectrum

-~ eonsistent with
diffusive shock
acceleration (DSA)

%

* Integrated spectrum
eonsistent with DSA

plus syné¢hrotron 07 & 7 CIZAJ2242.845301 °
and igwerse Compton | . 4= o @ (van Weeren et al. 2010)
-
o L] ™

§pectra1 indéx grao’lrie'nt acfoés the relic

L] -
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L
lefuswe Shock acc!eratl.on (DSA)
™ L
: Shoékfront o '. - . :’"' g LW - s
' | | Compression ratio .
upskream * .+ .0 | :r 2o
. H i & . F)u'l
Gt T ‘ :
e DSA'at_*shoCk waves . 1 2
. '-".. B | _ A ! & | __A:'iog Iie
.- * Eleghrons are accelerated by'multiple shock crossings - bR
* DSA'predicts a supra- thermal electrpn dlStI‘lbU_thIl
givgp by 1 o Bf s related with spectral index) i ndh
A A e y T+2 '
* ' *For Mach,numbers M ~ 2 %'10. S > Sl P
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Simulate relics in a cosmological volume

' g k

MareNostrum Universe: (Gottloeber & Yepes 2007)

*T. = 500 h™* Mpc o i
*N = 2 x 1024° (dark matter + gas) ' |
* Non-radiative GADGET-2 run

* WMAP-1 cosmology

tempergiLare

Temperature

' (Hoeft et al. 2008; Nuza et al. 2012)
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Finding sHocks feoM .0 7 . F

e . : - -
bl o : i . |.. :' ‘L o 5 _.. 1-- il ¥ o i ". - R ‘-l.._ .
* Identify.galaxy clusters in the MareNostrum. Universe il
. *Bvaluate pre.seure.gré}dients (shock normail) ' : %
* Evaluate i e . . J .
- " : - o : & , .-
1) Velomtyjump | T e 2 . o

- 2) Pressure and den31ty }ump : . £

«3) Entropyjump Pl o R S

i Selat candidate particles for shocks"” Bl e e S T
*Estimate Ma¢h number . . & ORI proany HDst g,
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Merger shock
(M~1-10)

Accretion shock
(M~10-100)
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Shocks fronts: -envis@_nmental‘ distribution
: . : . . PN . : - .
. t : ' P :
> E —— an
Lty - Eﬂ?:
/ s _::::__:hx“'\ Filaments
| & 107 . B
= 4
| =
" B E,, 107*
. =,
¥ 2 ' M hock
T 405k .-4— Merger shocks
. \
. 10°° I“. . l:; iy
. ,, MareNostrum Universe : .
[ ] ™
5 & . . ¥ (Araya-Melo'et al. 2012)
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The radio. emissi®n Qlod.el s |
. d : _ . e . .
| 1_3 Apply":s,hock finder . ' 25 Raoiio emission (DSA + cooling) (Hoeft & Brueggen 2007)
to .gataxy.clusters.  *

dP [:I-"'Dbs::' . €rg A Mg fe ([ Vobs ) B
dv sHz Mpc? 10—%*em—3 0.05 {

1.4 GHz.

¢, + fraction of energy injected at the shock wave that
goes into the acceleration of non-thermal electrons («1%)

VY. dependence with Mach number (and temperature)

3) B-field: assume power-law scaling with electron
density (Bonafede et al. 2010)

RVSS (v, - 1.4 GHz)

1000

- 5) Normalize to observed (NVSS) relic sample s 3]

¥ &
»
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The radio. emissi®dn ﬁpde]l output |

(Hoeft, Nuza et al. 2011) a
.
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Radio relic poWe'r- s’éllin'g's i

. log Mass ~ 14.6 M _/h . log Mass ~ 15.0 M _/h

z=0

=
E N I I = = = =N =N = = = . 4

T = = = = === E .-,
=
e e s s eSS EE - »

L L L . L i P L . PR Ry l’. -, =] , .‘ | S
22 24 26 20 22 24 : 20 22 24 26
log P, [Watt Hz™] log P, [Watt Hz™ log P,, [Watt Hz™"

%
] |

*'Rad#o power “probability dist'ribution." p(Pu, M, z) i?:-:p{ _
L] . ' ; .

i - T - R2

(log B, — log P,) }

—
20

L]

& Systemafic trend of log <P> to higher luminosities as cluster hlass_ increases

L

¥ " | #0y (NnZeletal 204 2)
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Radio relic poWe'r- s’éllin'g's i

log Mass ~ 14.6 M _/h

z=0

! r LR

[ "o
I I
1 1
1 1
1 1
I I
I I
1 1
1 1
1 1
1 1
0.0 - , - N . .

18 20 22 24 z 26 20 22 24 2 28 20 22 24

log P, [Watt Hz™] log P, [Watt Hz™ log P,, [Watt Hz™"
*We can model the mean radio.power scaling: .
. ; -
lf).g gl 2T lo_g (P('))-F‘CMX log (M) | * -
: B %
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Radio relic poWe'r- s’éllin'g's i

log Mass ~ 14.6 M _/h log Mass ~ 15.0 M _/h

z=0

20 22 24 2 28 20 22 24 z 28 20 22 24

log P, [Watt Hz™] log P, [Watt Hz™ log P,, [Watt Hz™"

*We can model the mean ré}dio Power scaling: .

] - .
+ log <Pz =1log (P))# C_ x1dg (M) + C xlog (1+z} +C xlog (v, )

L]
L]
]
. o
& = ]
-
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Radio relic poWe'r- s’éllin'g's

log Mass ~ 14.6 M _/h : . log Mass ~ 15.0 M _/h

z=0

18 20 22 24 2 28 20 22 24 z 20 20 22 2
log P, [Watt Hz™] log P, [Watt Hz™ log P,, [Watt Hz™"

L] : ' -
lo.g<P>=logC Xlog(M)+ CXlog(1+z;+CX10g(v e

T ® Normalization Slmulatlon

-
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. - ’ = 3. 2 g
Normalization*‘tor o};g_erved counts
KVEE {:I.-“.“ = 1.4 I'.iE:r:]
* Radio#relic “probability distribution”

®-Mass function — Radie relic' LFW

*Normalize to knewn relic sample
(YNRAO VLA Sky: Syrvey”) |

. * Low efficiency required :(Ee <+0.1%) .

100 1000
Sy [mly] . ' .
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Counts as a :fu'nc'tio’_(l)f redshift

\ . & . & - i L]
= a

00 < e <03 03 <=z<085 z > 05
% HVSE (1, = L4D GHz) NVES (v, = 1.40 GHz) HVEE (1, = 140 GHz)
L8
104 1000
8,4 [mi¥]
. ! - S .
. . : ; e 3 ¢ : ; e . i
, * Rotential diagnestics for probing fadio relic models within a‘cosmologlcal context
" by . ; - '
1 [ " L]
. e
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Model scalings VS. observatlons .
What about observed cluster X-ray luminosity -
s e and redshlft dlstrlbutlons'?
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: 4 - ’ . : . . .
G'alaxy; cl'u’st‘ef*s&mﬂe: NORAS/REFLEX

L .
\ - a =

ok NORAS+REFLEX cluster sample with- F(O 1-2%4 keV) > 3. O X 10 - BY sy CIRE
‘(Boehringer ef al. 2000, 2004): '540-clusters above this'flux, 18 with rellcs

p & Above the flux 11m1t the sample is appmx1mate1y complete (covéred sky fraction ~ 35%)

., B
i # ; .-
-, ™ e
.
L] .
a1 (Varl Weeren, Brueggen, Roettgering, Hoeft, Nuza & Intema, 2011; Nuza et al. 2012)
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| . o : . . . ’l b ; E = - . , . ;
X-ray limited cluste®™sample: N(L, ) & N(z)
~ L, : . . . - &8
.8
~ [\, Blue: all clusters _
£ \ Red: hosting relics
5 Fraction 2 £ g .
of relics E E B
redshift
* Fration of relics: Hint for an mcrease for higher X-ray luminosities .
& and redshift | .
** More massive clusters host m.ore powérful radio relics .

* Related with the increase in theanerger rate at higher redshifts

a1l (Vark Weeren, Brueggen, Roettgering, Hoeft, Nuza & Intema, 2011; Nuza et al. 2012)
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The need for d‘éelsel._'(-ra'y" SUTVEYS

REFLEX flux lirmit
. -
* To identify relics cross-correlation ¥

of diffuse radio emission,with-galaxy®
clusters is grucial

10 :|:|1.T1..- _ - - ‘ 5 -

I
I
I
I
I
|
I
|
I I|
|
|
|
|
|
I
I

107¥# 107 107 107® fox .
Sy [erg s™' em™] .
] - .' &
" Cumulative fraction of relics above a given radlo flux
as a-function .of*survey X-ray flux limit A '
. - ; . 8 : g . (Nuza et.al. 2012)
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The need for d‘eegeﬁi—ray: SUTVEYS

-
* To identifyrelics cross-correlation ¥

of diffuse radio emission,with-galaxy®
clusters is grucial

* Future radio surveys such as LOFAR
aré-expected tp'detect hundreds of
relics at ~1, m]y level

* This will require new extended X- Tay .
cluster catalogs

107¥# 107 107 107® fox .
Sy [erg s™' em™] .
B " - .r L]
Cumulative fraction of relics above a given radlo flux :
as a-function .of*survey X-ray flux limit : '
. - ; . 8 : g . (Nuza et.al. 2012)
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Summary_'_' o A JEEPRYMGAR . ;
_ ' A \ A . s . s -__‘--_. _
* Rad1o rel1cs are: presum_ably generated in me'rger shocks where electrons get * * +
- acceleratet: by DSA- and cooled down due to syrIchrotron plus IC emissiQn
X Durmg cluster mergers shock Waves form preferent1ally along the merger aX1s -
“of the system - . RS i _
' . , .
* We developed a rad1o rel1c model able to describe obserVat1or1al trends suclr .
as.the increase in the-fraction ef-relics for h1gher cluster X-ray lumimosities » «*

.and redsh1fts (larger shock fronts higher Mach numbers'and merger rates?) ”

ol o Cross- correlation with X—ray galaxy cluster surveys is (;ruc1al to 1der1t1fy rel1cs
*New suryeys are requ1red (e. g. LOFAR eRos1ta 1) ,

*Futl'workmclude LI : SR N e

~* Look for merger shocks in the MUSIC galaxy cluster sample :
* Im@rove the shock detect1or1 scheme and radio emission model : .

#Include self-cons1stent magne‘t;c f1elds c o
] -* .. . . i B - s it ' - ' .
; ..'.. N e - .':.

E
& L]
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