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Diffuse Radio Emission in Clusters
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Correlate with dynamical state of clusters

mergers = mass accretion ﬁ particle acceleration

& magnetic field amplification
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« Bigger than classical giant halos
(X30in volume)
* emissivity : ~1/30 of giant halos
« extending up to "the edge”(=virial radius)
* steep spectral index (asy, ~ 1.5)
* not a simple extrapolation of classical RH(?)




Declination (J2000)

Abell 2255, LOFAR observation

[Botteon+2022] Talk by Andrea Botteon, yesterday
Spectral index .
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(significantly larger than B field in the IGM)
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Classical

“]

Origin of Mega Halos ?

particle acceleration
+ B field amplification

in cluster outskirts

[u)y/arcsec

mean brightness

Particle acceleration B field amplification

with large volume-filling factor turbulent dynamo by

- turbulent acceleration Incompressible mode
c - [e.g.,Kazantsev 1969,Eyink+2011,Beresnyak+2012,Miniati+2015]
(as in giant halos?)

[e.g.,Brunetti & Lazarian 2007,2011,2015]

driven by
major mergers and/or mass accretion

This work:

« MHD simulation = turbulence in cluster outskirts
« mega halo spectrum - efficiencies of CR acceleration and dynamo
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E N ZO S I m U I atl O n [The Enzo Collaboration+ 2013, Vazza+ 2010,2011,2018]

velocity (along Lw tempet
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+ grid MHD code mega halo region:

» initial field (B = 107° G atz=40) 1 2 Mpc from the center , volume = 1.63 Mpc?
« AMR : maximum resolution

Ax = 3.95 kpc/cell « low-density (njcy = 107% cm™3)
* Zy,ps = 0.02 « feature of mass accretion is apparent
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Turbulence In cluster outskirts

distribution of turbulent energy flux spectrum of turbulence
10° 2 solenoi:jal | : El | E W (k)
: compressible i i ~16 kpC
10°L | i J (resolution of the simulation)
o :
N : - :
" s
Compressible] T
10 :
I ! | | il | jres
103 10 107 107 10% 1/,
Furb [erg/ § Mpc?] Alfven scale

Vturb (1) = Vaifven

dominated by the solenoidal mode

-3
L L M
[e.g., Vazza+2011, Miniati+2014] ~ 0.5k 4
ta~ 05 kpe { =5orne | 10

. . - o 44 N
incompressible : ~ 10™* erg/s/Mpc”3 % B in simulation may be underestimated,

compressible : ~ 10*3 erg/s/Mpc”3 because dynamo is not fully resolved
[e.g., Vazza+2018]
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Re-acceleration with solenoidal turbulence

[Brunetti & Lazarian 2016, Brunetti & Vazza 2020]

Fermi Il acceleration associated with the turbulent reconnection
[Lazarian&Vishniac 1999]

incompressible ... no divergence in fluid motion
instead diffusion(dynamo and reconnection) of magnetic field line

Fermi ll-type
stochastlc acceleration

dynamo region

reconnecting region

2

_|ApAp g vi o,

Dpp =\—F7)~ 3 p
At Amfp Clmfp

parameter : mean free path Y = 4,,¢,/l4
l4: Alfven scale (~0.1-1 kpc)
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Fokker-Planck equation

aNe d d ON, 2
ot (pcoolNe) + o= p Dpp ap prp + Qe
diative + Coulomb ina: 1(o.B at ~100 MHz
radiative _ou.om cooling: p(p.5.2) the acceleration balances the coollng
* re-acceleration: D, (Y, B, p, 6Vyrp, L) L0 . -
- 0.8 —
* magnetic field: B (ng, p,6Viurp) 0.7k 2, ]
* injection of seed electrons: Q, 8§ 1
(¢ neglect §Qcondary electrons -5; 04
from pp collisions) ) 05

S—

a snapshot of MHD simulation (10° cells) S 05

parameters . ¥,ng

Bflyn 1 S0 10T 1
dynamo: 87 2 > NBP1cMOViurs nB
s c2 0 ol sset ]
i . — s 3,/,—3,,2 e.g., Cho+2009, Beresnyak 2012, Xu &Lazarian 2016
acceleration: D, =3 e MY ~™>p

m 03<yP<0.5
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LOS integration and the beam size

resolution of the simulation

R 2

1 cell
(d =16 kpc) 1L0OS
(D =1.6 Mpc)

1 beam ~
35” x 35”

LOFAR HBA sensitivity

Orms = 0.2 mJy/beam
e 30% of the area can be covered

brightness larger than 20 > detection with LOFAR sensitivity

can explain the large extension
2023/7/7 of the mega halo



Result: mega halo spectrum

spectrum of the beams

detectable with LOFAR sensitivity
energy spectrum of CR electrons

Ssyn[Jy/arcsec?]

1073 p———rrrr e :
F total ] [ I T — tota]l T
Py < 10% erg/s/Mpc® J 107k —— Fuuy <5 x 104 erg/s/Mpc® 3
104 Frurt, > 10% erg/s/Mpc® 5 . Foury > 5 % 104 erg/s/Mpc® -
....... * One=zone ] * One-zone
----- mo107ME E
10_5_ — g .
P
i 1071% =
107%F N o
X 10—16_ -
107 _ : Y
Y =03 ol
10—8_ nB — 0-05 - >
T A N 10-18 --"'|0 . L |':4' L
v[MHz] P
turbulent cells with F,,,,-, > 10*° erg/s/Mpc3 p ~ 10* electrons are responsible for
dominates the emission (~3% of the cells) the emission (small fraction)

most of electrons have p ~ 102
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Discussion

1. mean free path and diffusion

Y ~0.5 > App ~0.50, ~0.1kpe
spatial diffusion coefficient
1 31 2
D = §clmfp ~1.5X10°" cm“/s

diffuse over 300 kpc in 0.5 Gyr (~ acceleraation timescale)

« diffusion length is much larger than then beam size of LOFAR

* but we have neglected the effect of diffusion

« the filling factor may be underestimated distribution of n4.,

10°

2. efficiency of turbulent acceleration

102

_ (Energy gain rate of CRs) _
flace = (Energy flux of turbulence) o
Nacc ~ 0.1+— y
mega halo flux can be explained, AT

when 10% of the turbulent energy channels into CR acceleration
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Appendix: secondary electrons

™ L
S10710
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electron spectrum

secondary

secondary seed
| = primary seed

1014}

One-zone
(after re-acc.)

seed

(solid)

3t .
& L
* .
P [
.
W
e e
. .
» .-
"
L
D .
. .
*
.

| I
after re-acc.

ﬁdashed)

4 /s
109

|
10°
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10* 108

from hadronic pp collision

« without re-acceleration (solid line)
... electron density at p ~ 10* is not
sufficient
(pure-hadronic model is excluded)
« with re-acceleration (dashed line)
. comparable to primary model
when

€cr, ~ €IcM
€CR,, CR energy density

€icy - |ICM energy density

p
seed electrons can be originated from hadronic (pp) process
But, CR energy density need to be
as large as ICM energy density



summary s

the ”mega halo” in A2255
& turbulent re-acceleration model

€ mega halos [Cuciti+2022, Botteon+2022]
« extending up to the virial radius of clusters
* CR acceleration and dynamo in cluster outskirts

‘ ENZO SimUIatiOD [Vazza+, Dominguez-Fernandez+2019 , Beduzzi+2023]
* a certain level of large-scale turbulence in cluster outskirts
8 - dominated by solenoidal (incompressible) mode

€ turbulent re-acceleration model [Brunetti & Lazarian 2016]
« 2nd grder Fermi acceleration in turbulent reconnection/dynamo
 mean free path of CR electrons ~ Alfven scale
* 1 ~ 10% of the energy of turbulence consumed by CR acceleration
| + pp collision may provide the seed electrons, but €cr, ~ €IcM 1s required
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Declination (J2000)

Spectral index

[Botteon+2022]

Spectral index
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Right ascension (J2000)

Agym ~ 1.2 — 1.6
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fractional contribution

Turbulent cells

cells with large Fyp
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Syn [Jy/ arcsec?]

Onezone: parameter study

ng = 107", = 0.2 ng = 1073, = 0.5

O B ~ uG 0 B ~ uG
10" 3 10" 3

e V:o.2,¥8:o.1§ e V:o.5,¥8:0.001§

[ [MHZ J IMHZ]
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Filling factor
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LOS Integrated brightness
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observable beam
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Cell-wise calculation with

(ng.=0.05,9% = 0.4)

Normalized at LBA €Eseed = D X 1015
intensity ‘

Tgyr = 1. 5teddy

typical value of spix.

LBA asyn ~ _1.2
] (a smaller ng is preferred?)

T

10 162 163 10*
| 49[mJy/ beam]

= HBA

10°

S e S
2023/717 | 145[udy/ beam] 8.0




Cell-wise calculation with

(5= 0.05,9 = 0.4)

beam coverage ~70%

106

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
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Cell-wise calculation with

(ng =0.05,v =0.4)
N B T o N

Taur 1.2e-14 3 62%
= 1.0t_eddy
Taur 5e-15 1.2 70%
= 1.5t_eddy

ng =0.05,¥Y=0.5

Tyur 5e-14 1.6 30%
= 1.5t_eddy

For a better match to the spectral index,
a smaller ng would be preferred for ¢ = 0.4
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Log(vP(v))[erg/s]
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Sqyn [Jy/ arcsec?]

Fokker-Planck Zfi#Eu\CHA
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Energetics
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MHD simulationTR 515
solenoidal&L 7 D Mach#k
M, ~ 0.3 — 0.5

ng = 0.05,1 ~ 0.3 — 0.5

Alfven scale
~ (quiding center) mfp

Radio Halo(Brunetti&Lazarian2016)
Y = 0.5

10~ 10’ Radio bridge (Brunetti&Vazza2020)
Y = 0.5



SteepZs ~ X% break frequency
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End of cooling phase (2Gyr)

CR number spectrum

energy required for 100 MHz

So.emission in B ~ 0.2uG
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145 MHz intensity
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