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Radio diffuse emission in GCs
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Radio diffuse emission in GCs
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Radio diffuse emission in GCs

Magnetic Fields

Synchrotron emlttmg
electrons;(GeV): » What is their origin?
/ldlffusm 10 pc << Mpc
O e * How is it possible to get
R . o large-scale coherent

oo i PR magnetic fields (tens of
kpc) with strengths of uG
values?
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Cosmic ray electrons

* What particle acceleration
mechanisms can explain
observations?

e CRe need to be (re-)accelerated
or produced in-situ. What are
the sources of seed electrons?



MAGNETIC FIELDS
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Origin of magnetic fields

Reionization and Galaxies
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Astrophysical

Top-down scenario
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Astrophysical scenario

) Magnetic flux transport from sources N Reionization and Galaxies
edshit—— .30 ~15-20 > 6 -0
(€.9. AGN, SNe) Time | ~100 Myr—> 200-300 Myr— 950 Myr ~13.8 Gyr
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Cosmic Dark Ages
w

Cosmlc Relomzatlon

Credit: Wise et al. 2019

Astrophysical

Credit: Timmerman; LOFAR & HST

- Battery mechanisms (e.g. Biermann battery, Harrison mechanism)

* Plasma instabillities (e.g. Weibel instability)
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Primordial scenario

Early Universe Ve

TimeH—103% g

Inflation

BIG BANG

7N + Collisions of bubbles
— 0}1‘ ‘\- * Limited by Causa”ty
. =% * Bound coherence length

* Vacuum fluctuations

B IM{L&E&QM&\”v * Not limited by causality _1
- Coherence length unbound Ap => H

Lausanne | 2024 | P. Dominguez-Fernandez



Simulating magnetic fields

Generation Cosmic web

Galaxy clusters:
Primordial Voids B ~ afew uG
Batteries & - t
instabilities "aments B~ 10nG
Feedback { Galaxy clusters void regions:

B> 10716G
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Simulating magnetic fields

Generation

Cosmic web

Galaxy clusters:

Voids B ~ afew uG
Batteries & e Y
instabilities N I ,. B ~ 10 nG
Feedback { Galaxy clusters ' void regions:

B>107'%G
Cosmological simulations
) Initial magnetic conditions

Il) Modifications to the initial matter PS
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Simulating magnetic fields

Generation

Cosmic web

Galaxy clusters:

Voids B ~ afew uG
Batteries & FI onte )
instabilities N aments -/ B ~ 10 nG
Feedback * Galaxy clusters ’ Void regions:
B>10""%G
Cosmological simulations MFs in galaxy clusters:
) Initial magnetic conditions ) Adiabatic compression
Il) Modifications to the initial matter PS 1) Turbulent amplification
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S

Cosmological MHD zoom-in simulation

. Formation of a massive GC: ~ 10"° Mg
* Primordial seed: 0.1 nG (comoving)
. Turbulence amplification of > 10*

 Evidence of small-scale dynamo amplification

[Dominguez-Fernandez et al. 2019]

uG values!
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Primordial uniform seed fields
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Primordial uniform seed fields

e Correlation with the cluster’s mass INITIAL
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Prlmordlal non-uniform seeds

1072

z-O 0l
R, =15h""Mpc
M(r <R

vir

Ax ~ 2.44 kpc

IR i e e o e, e, P s e et e

Lausanne | 2024 | P. Dominguez-Fernandez

) =2.34 -

10 M,

750 ckpe/h

750 ckpc/h

=

—

o
—
e

1017

B [Gauss - cm]

Phase-transitional

Initial conditions
10718 - =
\
o W
T
X <= 10—20..
-3 —
S T
2 <
£ 107%+ e\O
X oS
%‘& 4 K
”~ I — kml
10-24_
e ¢ D
e <
O I | 1 1 1 1 ' S S B
10 1 10°¢
K [h/cMpc]
N
[
_ [
Uniform : Saffman
[

Batchelor

Scale- Inflationary

invariant




Primordial non-uniform seeds
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* Tangling of the large-scale field (larger magnetic amplification)

e Reaching ~uG values and ~300 kpc correlation length

e Phase transitional models:

* Reaching ~0.1 4G values at the center and ~200 kpc correlation length

Lausanne | 2024 | P. Dominguez-Fernandez

L -l slope
arge b ope

[Mtchedlidze, Dominguez-Fernandez at al. 2023



Primordial non-uniform seeds

Inflationary Redshift
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Il. COSMIC RAY ELECTRONS
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Towards the outskirts of GCs

Understanding the outskirts with
* Radio relics:
* Diffusive shock acceleration

* Mega-radio halos (emission beyond
that of common halos):

* Turbulent (re)-acceleration

Acceleration in-situ: fossil electrons (from AGN?)

[Botteon et al. 2022}
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Hybrid numerical frameworks

1. MHD
simulation

3. Fokker-
Planck solver

2. Tracer

particles

Imja&ad wikh a
DSA spectra for
shock-acceleraktion

Energy Losses Energy Gain (Turbulence)

N(E)

on(p) O
ot

v
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Characteristics of radio relics

I’ T LE ] v Ll T ]

CRe aging
S&eeyeniv\g!

1. Spectral aging towards the
downstream
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[van Weeren et al. 2012]

[Golovich et al. 2017]
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Diffusive shock acceleration (Fermil)

Region the shock is Region the shock had
moving to already passed in « Magnetic turbulence can scatter and

Upstream Shock front Downstream

/Post-K / Pre-shock deflect charged particles
W/\%\/\/f « Each encounter with the shock yields an
average gain of energy

Turbulent field lines

u
MHD turbulenc® exclted .« Ap ~ p—

\f\.\/—\/\/\/\ﬂwhf\m\ 4
Ener% » After many crossings, the particle is

Alfven waves -
accelerated up to CR energies

+ N(E)dE = N,E~dE
Credit: SSL UC Berkeley T
Particle with rz > [, . Related to the Mach number Z =v/c,
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Towards the outskirts of GCs: Relics

arc shaped 0.00030 . . . . .
filament t=0.0 Myr
t=9.6 Myr k ~a
t=19.6 Myr | Bhasd. -
0.00025¢ t=29.6 Myr - ‘ | 7
t=39.6 Myr
t=49.3 Myr
1 t=59.3 Myr
0.00020¢ 1 t=69.2 Myr -
[ t=79.1 Myr
[ t=89.0 Myr
[ t=99.0 Myr

_ double strand

5 0.00015/ 1 t=108.8 Myr -
o LT LY [ t=118.7 Myr
R [l Ufllg;qﬂ [ t=128.6 Myr
0.00010 .ILL“ g t=£gz myr
; - L,,I t= g yr ]
bk e Shock compression of a
0.00005| = EZE?S m: : turbulent ICM
ooooogat L et SEmclome | DSA of thermal electrons
Mach number (fresh-injection)

* Pre-shock turbulence naturally induces
substructure in the synchrotron emission

« Mach number distribution (& obliquity) and
type of turbulence define the substructure
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Towards the outskirts of GCs: Relics

* Polarization studies: Injection scales 2> 130 kpc needed

Polarization E-vectors
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303 . arious
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0.1- ZwCl 0008 845215 .
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Towards the outskirts of GCs: Relics

C S I L W
Fresh-injection A Iniection ‘ Re-acceleration

[ i

I / \u}':S'.,rearn : Into DSA |
/ thermal P'.s-rffrnns:
s _7’ \(T - 336 keV) | A
[ |
. : ;
oy N |
R -3 suprathermal "\\\\\\ M
ED :‘\ \§\SAlp
:\ Clpexl \ =
-4 B : \ i
|
|
|
n
: fossil elecirens
-3 - , | in SAl Tl
:
|
¢ IR | cel o .
-1 0 1 2 3 1 7
? log p/m,c *
whal we see whal we see
i X-ray i radio [Kang et al. 2015]
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Fresh-injection model vs re-acceleration

» Studies of radio surface variations: 0¢ = SV/S_U — 1
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Fresh-injection model vs re-acceleration

1.5 GHz

» Studies of radio surface variations: 0¢ = SV/S_U — 1

Fresh-injection Re-acceleration

~ Fresh injection, Mcr=1 Mr=2.3 ) Re-acc: Power-law, s=2.25 s
] — M= 2 4 x 100 { M= z -
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3x10% 1 o~
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e 0
o} ©
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6x10 112 -
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Frequency [GHz] Frequency [GHZz] Frequency [GHz] Frequency [GHz]

[Dominguez-Fernandez et al. 2024]
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Fresh-injection model vs re-acceleration
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[Dominguez-Fernandez et al. 2024]
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e The relative radio surface brightness
variations, og = SIS —1:

e Increase with frequency

e Increase with lowering the mean Mach
number of the shock

Fresh injection model

Too patchy substructures, specially
at low Mach number shocks

Simple DSA with thermal electrons
cannot explain .Z ~ 2 shocks

Fossil electrons needed?




AGN bubble’s contribution

- ; _ 14 . . .
* Main cluster’s mass: 6 X 107" M AGN bubbles in a cluster environment  [Weinberger et al. 2017]

* Varying:

* Impact parameter

* |nitial jet direction A

e Mass ratios: R=1:2, 1:5

P.

o =3 x 107 ergs™ [Silich et al. 2024]

Jet

21

* P = 131X 107 gcm™

Piey = P/ Pp =1 * Energy injection:
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Y [Mpc]

AGN bubble’s contribution

e : L 1n-11
t=122.96 Myr 10
3
- 10776
103
— ": 10'15
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[Dominguez-Fernandez , ZuHone et al. in prep.]
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CR Pressure [dyn/cm?]



AGN bubble’s contribution

Jet onset time

tiet, 0=50 Myr _t,-jet' o=1 Gyr

tiet,0=2 Gyr

10!
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102 103 104 103
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[Dominguez-Fernandez, ZuHone et al. in prep.]
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AGN bubble’s contribution

Jet onset time

tiet, 0=50 Myr fiet,0=1 Gyr tiet,0=2 Gyr tiet, 0=5 Gyr
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[Dominguez-Fernandez, ZuHone et al. in prep.]
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AGN bubble’s contribution

« AGN bubbles easily permeate a Mpc region of
GCs in a few Gyr after ignition

 Possible explanation for:

e Radio halos? Yes, but turbulence re-
acceleration is needed (coming up)

e Radio relics?

> No if only central AGN bubbles (contribution
of ~1/3 LLS)

> Yes if there’s contribution from other off-
center radio galaxies
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Take away messages

Future with radio observations
Primordial MFs Radio diffuse emission

e Radio relics could be good tracers for
e They can explain the magnetization of outskirts MFs specially in polarization ®* Qutskirts and radio bridges BUT the

galaxy clusters e Fossil electrons seem to be a viable emission seems to be also linked to
¢ Inflationary models seem to be favored option for explaining radio halos and some turbulent acceleration
(larger MF strength and coherent smooth radio relics BUT additional mechanism
scales) BUT these simulations cannot contribution from off-center radio sources| |®* More studies with stacking cluster
definitely rule out phase-transitional- Is probably needed pairs and filaments
like fields More extragalactic RM studies
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Aurorae
C&mbridge!
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