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OUTLINE

In this lesson we will (briefly) see:

e the main physical thermal and non-thermal properties of galaxy

clusters

e important signatures of magnetic fields in galaxy clusters, which

we can also apply to the study of magnetic fields in filaments

e why clusters are not suitable to study cosmic magnetism



GALAXY CLUSTERS : IN BRIEF

they are:




GALAXY CLUSTERS : IN BRIEF

they are:

“the largest gravitationally bound

structures in the Universe”

-

~ 84 % dark matter

~ 16 % ordinary matter

(approximate) virialisation:
GM 5k, T

RVir 3:“ mp

~ 10°km/s

R, =+1/GM/c? ~1—3Mpc )

— |large volumes




GALAXY CLUSTERS : IN BRIEF

they are:
“the most perfect plasma laboratory
in the Universe”

e ™
/lmfp collisional mean free path ( ~ 20kpc)

r; gyroradius of protons ( ~ 10_13kpc)

1y <K Appy K Ryi,

mfp
the dynamics of the intracluster ._. ,‘{m o ™ 2OkpC :
medium is ruled by collective plasma '@ ‘ ¢

processes.

| 10f13kpc *

e 7, ~ 10%cm ~
r; ~ 10°%cm

If turbulence is injected on ~ R ;. scales,

it can develop over a huge dynamical
range




GALAXY CLUSTERS : IN BRIEF

they are:
“formed by the most energetic events

in the Universe (cluster mergers)”

4 )
E, ~ U~ 10%rg
P, ~E [/t S 1046erg/ S

A fraction ~ 10% P,

iIs channeled into turbulence, oY .
ler

CVOSS

cosmic rays and B-field
- y,

— non-stationary conditions



GALAXY CLUSTERS : EVOLUTION & MERGERS

e Galaxy Clusters are among the last structures to form in a hierarchical (ACDM)

Universe.

* They accrete mass both via
a) “smooth” accretion on cold gas, like in the Zeldovich model and

b) by accreting already formed halos of smaller size, via “minor” or “major” mergers.

Minor mergers= when the accreted
mass is <20% of the halo mass

Major mergers = when the accreted _
mass is >20% of the halo mass time

smooth accretion

3rd order

2nd order 20

| st order

Oth order

@09ecn



GALAXY CLUSTERS : EVOLUTION & MERGERS

e Major mergers involve E, ~ U ~ 109 — 10%erg of kinetic/potential energy.

« The collision velocity is the free fall one: v;,» ~ 1/2GM/R,;. ~ 1000km/s

» This energy is mostly dissipated into heat in a “crossing time”: 7,,,;; ~ 2R,;,./v;,, ~ 2Gyr

« This yields a kinetic power of P, ~ E,/t.. ~ 10%erg/s

ross

e Since the sound speed : ;
of the ICM is close to Chandra temperature map * | Chandra X-ray surface brightnes

the circular velocity, the
induced gas motions
are transonic, i.e. they
release only weak
shocks :

M = inf/cs%\/z

shock measured in
X-ray (A ~ 2.5)




GALAXY CLUSTERS : EVOLUTION & MERGERS
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INTRACLUSTER MEDIUM DISTRIBUION

From the projected distribution of the X-ray surface brightness and the
temperature distribution (~isothermal in the centre) one can derive the gas density distribution,

which is well fitted by the “beta-model”: S
r
n,(r)=n,0)| 1+ (—) p
]()45! lll'll T ] IIIIIII L) T lllilll Ll ! rC
- X-ray surface brlghtness profile] pm o2 o 27 1\
Tbr Pr I
1°L o o : = ~ 0.7
3 , ' kBT 103km/5 108K
c\lx
gﬂz- 107 & 10%F™ r——————rr ——rT—y
5 density profiles for |
g 10'g different clusters |
= 1 '
101 y
]0—3 r ol 1 L |||||:| :
10 10° 10°

r, kpe E

- clusters with different dynamical state have more S%?}.f&&i,.cou, disturbed ,

. . Y 1 Py core + morphologically disturbed

or less peaked profiles (i.e. “cool core” vs “non- . el e

cool-core”) 0.01 0.10 1.00
. Radius (RSOO)



SELF-SIMILARITY

e |f the formation of clusters of galaxies is only ruled by gravity (which is scale-free), every
halo must be to a good approximation a “self-similar” rescaled version of all other clusters.

e If the system is in equilibrium: gravity force = pressure force. Thus by imposing
hydrostatic equilibrium one derives:

rkpT (r) [ dInpg(r) ~dInT(r)

M - -
HES D) = =G | "dinr T dinr

e This implies the following self-similar relations, in which global key quantities are only
related to the total mass :

T x M/R «x M?? for the temperature
Ly po1 p*T?R? x M* « T? for the X-ray luminosity
K = kgT/n?"® o« p™*T &« M*?  for the ICM “entropy”
Y=M,, I M35 for the ICM pseudo-pressure



BREAKING OF THE SELF-SIMILARITY

e However, real observations of a large number of clusters showed however that self-

similarity does not really hold for M < 10'*M_, , i.e. for groups of galaxies

| —F— Helsdon & Ponman (’00) ' ' ' . ]
10 |+=— Arnaud & Evrard ('99) = Lin et al. (2003)
- ——  Markevitch ('98) ;
I | 107'g
o o s
w1 E .9
o F E g _
) - . = Giodini et al. (2009) |
50 ] +
< o1 _ 1072 o foq,
5 . E A ;gos 1
] [ % : : ]
] stor Baryon fraction as a function of mass -
- 3 1 .Oo E — "‘T"“" ! T E
0.01 = 0.75F Hﬂ’:{“ L e
; Sk ae :
X-ray vs temperature 1 $20.50 ]

1 10
T (keV)

1014

Mso0(Mo)

10"

e Groups have proportionally less baryons than halos — gas expulsion in the past

e Radiative cooling of gas and feedback from star formation and active galactic nuclei (AGN)
break the self-similarity imposed by gravity



AGN FEEDBACK

e Cooling promotes the
condensation of the ICM
into stars and it feeds the
growth of Supermassive
Black Holes

lllustris simulation

e The energetic feedback
from AGN expels gas
from the centre and
deposits baryons in the
outer parts of clusters.

Time since the Big Bang: 6.5 billion years

_ _ _ 10 no feedback % . 1w feedback % . 1
e Cosmological simulation . K - 0
with AGN steepens the . 100k
. ' —m
L, — T relation towards : -
o o d
. I 1072 1 107 ‘
observations 2 2 | - ¥
) [ Markewitch 1998 = e e SO0 Markevilch 1938
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TURBULENCE IN THE ICM

Simulations predict since ~20 years a substantial non-thermal pressure from subsonic

turbulence (~5-20% of total gas energy)

baryon density

These motions
are overall well
described by the
Kolmogorov
model of
turbulence

P (k) o k=

E(x)/Ethermal

baryon velocity

Vazza+09

post

relaxing |

meraing

nerqg. 3

z=0.8 z=0.0

L)

Valles-Perez
et al. 2021

0°p  Valdarnini+11

1 10
k, L, /(2 m)



TURBULENCE IN THE ICM

The XRISM satellite has begun measuring the Doppler broadening of Iron lines in small
portions of nearby clusters of galaxies, which should scale like « 6,/c, reporting quite

low values of non-thermal pressure support in most clusters ( < 5 %)

28.05

These measurements Noeda

may however be affected (-550 kniy NGC 4874
by a few X-ray biases e
and their inversion to get

28.00

volume-wide estimates is g R
iffi - -
difficult... ongoing g
debate! 3

(e.q.

27.85

XRISM Collab. +25;
FV & Brunetti 25;
Zhang et al. 26..)

27.80

Eckert+25

195.15 195.10 195.05 195.00 194.95 194.90 194.85 194.80 194.75

Right ascension



RADIO HALOS :
[« size ~0.5-1 Mpc
diffuse patchy emission
centrally located
spectrum I(v) x v~U+2)
unpolarised.
Related to turbulence?
\ J
RADIO RELICS
(« size ~1-2Mpc wide )
 located in cluster periphery
+ elongated
« spectrum I(v) < v
+ polarised

?
L- Related to shocks? )

—(1+1.5)

.,

Both emissions found b : ' .
in perturbed (usually post-merger) * The Coma cluster observed with LOFAR (120 MHz),
galaxy clusters R T PRV Bonafede et al. 2022

see Neronov’s lecture (14/01)



Radio emission from the Coma cluster (Kim et al. 1989, Giovannini et al. 1991).




GALAXY CLUSTERS : EVIDENCE OF MAGNETIC FIELDS

Coma Cluster

20'
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After the first detections in the 80s, we have
by now evidence of radio emission on Mpc

Dec (J2000)

Dec ()2000)

Abell 2744

blue = X-ray emission from hot gas
red= radio synchrotron emission (relativistic
electrons and magnetic fields)
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see Lectures by Brunetti, Cuciti, Botteon




RADIO EMISSION IN GALAXY CLUSTERS : TWO MAIN CLASSES

* The tendency of the two classes to show slightly different spectra suggests two

different acceleration mechanisms

RADIO HALO RADIO RELIC
raaaal 1 L el 1 At ta 1000 - llll[ | T T T TTTI T [ T T TTTH
Schliecheiser+ 1987 S Giacintucci +al. 2008
Thierbach +al. 2002 B
g 100 E
= - .
& i i
3 Ei u i
C =
- E> 10 & =
i ) - acceleration ]
- acceleration losses B i
: ] losses
\: 1 lllllll 1 1 IIlIlII | | |11 II|
. NN OTr R ¢ 100 1000 104
10 1 10 Frequency (MHz)
frequency [GHz]
Curved spectrum — losses become dominant after a Straight spectrum — electrons efficiently
certain energy accelerated to high energy
Fermi Il mechanism? Fermi | mechanism?

(Brunetti + 01,04,07...) (Hoeft & Bruggen 07, Kang+12..)



RADIO EMISSION IN GALAXY CLUSTERS : TWO MAIN CLASSES

Fermi Il acceleration:

charged particles randomly scattered by
magnetic fluctuations with o, turbulent
velocity dispersion.

Systematic acceleration by

AE O, \2
?oc(7)

Fermi | acceleration:

charged particles scattered by magnetic
fluctuations across the |u, — u; | velocity jump :,f"‘ )
of a shock 3

Systematic acceleration by
AE  |uy—u] _
OC ..¢a§

E C

In both cases: strong prediction of a N(E) o E~P power law distribution




RADIO RELICS

We know so far of ~50 relics in
the sky (in some cases, 2-3 are

Sausage Cluster

Abell 1240
-

12

found in the same object).
They are mostly peripheral . |
(~0.5-3Mpc from cluster centre),

elongated, polarised R ey o R :
20s 43m00s 40s 20s 22h42m00s 15s 24m00s  45s 30s 155 11h23m00s
RA (J2000) RA (J2000)

Abell 3667 Abell 3376
-39°40°

Their typical radio power is

Py s, ~ 10% — 104zerg/s
Their spectrum is (usually) flatter .
than radio halos: I(v) « p—(1=1.2)

20
16m00s 14m00s 12m00s  20h10mO00s 03m00s 30s 02m00s 30s 01mO00s 30s6h00mO0s
Often associated to visible X-ra " p0on oo
y Examples of cluster double radio shocks. The radio emission is shown in red and the X-ray emission in blue. Sausage Cluster: GMRT 610 MHz and Chandra
0.5-2.0 keV (van Weeren et al. 2010; Ogrean et al. 2014a). Abell 1240: LOFAR 120-168 MHz and Chandra 0.5-2.0 keV (Hoang et al. 2018b). Abell 3667:
S h O C kS MWA 170-231 MHz and ROSAT PSPC (Hurley-Walker et al. 2017; Voges et al. 1999). Abell 3376: GMRT 317 MHz and XMM-Newton 0.3-2.0 keV (Kale
et al. 2012; Urdampilleta et al. 2018)



RADIO RELICS - POLARISATION

Radio relics are polarised (p ~ 70 %).  Polarisation vectors show that:
+ the B-field is often ~ parallel to the shock front (— consistent with compression of B)
* multiple threads & reversals — not simple quasi spherical shocks, but complex surfaces

I]IIIIIlllIITIIT]IITITIIIJ{)IIIT

I I I I I

ZwCL 0008.8+5215 Q N a0 - . MACS J0717+3745

. 40_Golovit@ et al 2017 @ ‘ /\,S
Notice: AN\

a) these maps all

—
show E -vectors. 8-
—
B -vectors are
perpendicular to
them! *-
b) polarisation
vector can only give [ et
the direction NQ,T %% = * Toothbrush, 1RXS J0603.3+4214 |
THE VERSE of B. ol e v .- ~ 7 \~;;;~ S van Weeren at al 2012
. Abell 2744° o ©3 0 v By ¥
l.e. Pearce et al 2017 - 12 : T T S T T 0 , Q . -
— > > « g | -
or | W WA : -
— — — ; . - Q SR 72 |
or "ix-» "i‘/; ,‘-»"A- ! ( \ S ] 7]

exactly procljuc.e the + ° ol & Sausage, ZwCL 0008.845215-
samepolarlsatlon! seosl .o~ van Weerenetal2010* ,

Q Q 2" ul'" 30-‘ .‘75:"\" : |<‘J‘ otl)s ‘:7’“;'5‘;5 aclv‘-‘ 3(35 2:)‘ ol » 205- e 10f 0s®

— i Right Ascension Right Ascension




RADIO RELICS - POLARISATION

For simple (~plane wave) geometry, and “edge-
on” view, the polarisation degree of radio
emission should scale like:

o+1 1
6+7/3 2R?/(R2-1)-1

(p) =

where 6 = 2a + 1 is the radio spectrum and

R = 4M?/(M? + 3) is the shock compression
factor (Ensslin+1998)

So from {p) one might get the Mach number

..of course, reality is not so simple!
Radio relics are not simple surfaces,
they are not always seen

edge on, and their emission can be
de-polarised by the ICM inbetween
them and the observer.

Polarisation fraction

e
[*)]
v

0.60 [

0.55

0.50

/ |

polarisation fraction |

2 4 6 8 10
Mach number

radio measurements on a sample of radio relics:

P14 GHz [%]

70 1

60 -

50 A

H
o
1

w
o
1

N
o
L

=
o
1

o

L
&
—— 7*F_*i:£—
- . .
13 | (Stuardi+22)

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
Mach number from aj,t



shock: particle injection

1) particles are
injected at the
shock front

(Van Weeren+ 2016)




(Van Weeren+ 2016)

1) particles are
injected at the
shock front

2) as the shock front
advances

(V. ~ 10°km/s) the
electrons

downstream cool
down

(Tloss,GeV < 108yr)



spectral ageing

Right Ascension

3) different parts of the relic show increasingly steeper spectra moving further away from the

advancing shock edge — what we observe always is the convolution of several “families”
of particles emitting along the same line of sight.



10"

The Tootbrush relic displays an unbroken power-law E T TR T PEEE

for 2 decades in frequency. Based on DSA, a radio S . = ]

L s 4 B3 =

spectrum of I(v) y~1-16 corresponds to a shock 0 = | 4

= * "';'”0-»._ 3

. . ' F .. 7

with 4 ~ 3.77. From the shock velocity and density e Hegy N . :
5 Sl

ot , — 13 : ity v e e 1

we get the shock kinetic power: Py, = pV A /2 20 Lo Ty, ol i

§ = b, - . 3

é E ‘”. + "#0‘_*“4 \:‘:: .

L -«.‘,w\. “ny,, - J

junction 10 = g, "My, 3

/ - \“"*.\n ]

- LOFAR uGMRT VLA L-band VLA S-band VLA C-band -

100 L 1 1 1 IR T N T B 1 1 1 I I B
10? 10° 104

Frequency (MHz)

ridge

bristles

(Rajpurohit+17...21)

P, 5, ~ NP, withn = 0.5%
how can such a weak shock accelerate

so many relativistic electrons?

streams



SIMULATED RADIO RELICS

Recipes have been developed to link the energy flux across shocks to the energy
injected into CR electrons also in simulations (e.g. in Hoeft & Bruggen 2007:

Pgio < (AP, BT /(BZ,,5 + B?), with 7, = electon accel. efficiency

500 kpc

Merging clustess
(X-ray)

, "’RédiO relics
T 162 OA/| erg/S

Observed (Bonafede+12) Simulated (Vazza+10)

—an acceleration efficiency of 7, ~ 10~ will be sufficient to explain these relics if B ~ uG
— but many other relics require 77, > 0.01 — 0.1 at odds with Diffusive Shock Acceleration




Numerical simulations: reasonable match of morphologies/power, requrie multiple
(re)acceleration events

Inchingolo et al.2022

'
e a .
. N



THE LONG EVOLUTION OF RADIO EMITTING ELECTRONS

The Diffusion Loss Equation

For a quantitative description of the modification of particle spectra under the effect
of radiative and collisional losses, it is convenient to introduce the diffusion-loss
equation to describe the long-term ( > Gyr) evolution of electrons

ON(L)
ot

= DV?N(E) + aiE[b(E)N(E)] + O(E)



THE LONG EVOLUTION OF RADIO EMITTING ELECTRONS

The Diffusion Loss Equation

For a quantitative description of the modification of particle spectra under the effect
of radiative and collisional losses, it is convenient to introduce the diffusion-loss
equation to describe the long-term ( > Gyr) evolution of electrons

ON(L)
ot

= DV?N(E) + aiE[b(E)N(E)] + O(E)

/ N\

d|foS|0n CoefﬁCient in source term Of CR
SISy SPEcS shocks, AGN, SNR...

b(E) = A,(In E/m,c* + const) + A,E + A;E?

synchrotron &

bremsstrahlung/ losses

lonisation losses . .
adiabatic losses



THE LONG EVOLUTION OF RADIO EMITTING ELECTRONS

The Diffusion Loss Equation

For a quantitative description of the modification of particle spectra under the effect
of radiative and collisional losses, it is convenient to introduce the diffusion-loss
equation to describe the long-term ( > Gyr) evolution of electrons

ON(L)
ot

= DV?N(E) + aiE[b(E)N(E)] + O(E)

_ _ 72=0.49329758
numerical evolution from

z=0.51t0 z=0.0 of 2
populations of relativistic 10%0]
electrons injected by a
radio galaxy. 3

? 1055

Q
only losses ‘

1050F| ===~ losses

losses+Fermi | accel. ——— losses+shocks
losses+Fermi | & I/ 4 losses+shocks+turb
accel 10' 107 10° 10° 10° 105

P/(mecC)



RADIO HALOS AND TURBULENT RE-ACCELERATION

Fermi Il acceleration on electrons in the ICM is a good explanation for Radio Halos
(Brunetti+01, Takizawa+04, Cassano & Brunetti 06):

 asmall fraction (7, < 1) of

turbulent kinetic power is
channelled into CR acceleration:

@:Pkm S mpfff]

e pbut we need “fossil” mildly
relativistic electrons

(y ~ 10? — 10°) to be present in
the ICM, as a result of previous
injections (radio galaxies,
shocks...)

It so, there is an approximate
balance between radiative energy
losses and the slow acceleration by
turbulent Fermi .

(91

Log N.(p,l)
o

Simulated evolution of a CRe spectrum
under Fermi Il reacceleration

| 1 l I I 1 I

] 1 1 Ll ' ' | 1 [ 1 I

CRe 1

radio band

L}

GY
> 0\L)
TGS e _
\!
: . ' \\"'reaccelerated
\\ A \ /
- initial “fogsit” | |11\ } \ VA CRe.
CRe population \"-J\".",". \“ \ \ \ .";
i W\ ' ]
A I', \ '\ \ 5..'
B \ \."l.l'.", 'l. VoV '\l\ 7
PR T BT T S R A | 1". \ AR 1 "n ull L1

2

|
3 4 5
Log(p/m, c)

Brunetti+2007



RADIO HALOS AND TURBULENT RE-ACCELERATION

LOFAR — LBA : 50MHz

-

»

JVLA : 1400MHz

* First cosmological simulation of radio halo formation!

- Diffusion-Loss equation solved numerically for ~ 10°
passive “tracers” particles advected in the simulation

« Equations integrated from z=2 to z=0, Fermi Il and |

acceleration

- Extended ~ Mpc radio emission naturally emerge via

Fermi Il re-acceleration and with ~ G magnetic fields

070 _

1050k

z=0.075729724731122

3 | "\\ no Fermi
%_ \ Fermi II
1 \ Fermi I+I1
10°0+ \
| : \
! \
A
] E \
1040 | ! ! L - !
100 10! 10?2 103 104 10° 10°
P/(mec)

Beduzzi, FV, Cuciti, Brunetti et al. 2024




 LOFAR has discovered a few ~3Mpc long “radio bridges” in between pre-merging
clusters of galaxies. : ‘

What is its origin?

e Fermil/ DSA? Unlikely
because the are no
detected shocks, but many
are needed to cover the
long bridge size

e Fermill ? It seems more
likely given the steep
emission spectrum
I(v) < v~ 13 and
morphology

colors=SZ

contours=radio®
Radio bridge in A399-401 - i |

(Govoni et al. 2019)




INTRACLUSTER “BRIDGES”

" Best model: Adiabatic Stochastic Acceleration (Brunetti & Lazarian 2016)

" With simulations we interpret it as a ~ 1Gyr “transient” epoch with large kinetic
power in solenoidal turbulent motions, with B > 0.5uG (Balboni+23)

" Py & NP with P, ~ 10%erg/s and 7 ~ 107 (dissipation on CR and B-fields)

r

® This work
4.02 x 10!

ax10t]{ e {

3.98 x 10}
... simulation

3.96 x 10!

3,94 x 10! I X

3.92 x 10!

Log vP(v) [erg/s]

3.9 x 10? T T r
7.7 8.1 8.6
Piagnatro+24 Log v [Hz]

turbulence has boosted the radio emission, while the X-ray emission remains very low.

Brunetti & FV 20



WHERE ARE THE COSMIC RAY PROTONS?

e The mystery of “missing” cosmic ray protons (from y-rays) is exacerbated by the fact that
instead we have evidence of plenty of cosmic ray electrons (from radio observations).

e Why are cosmic ray electron accelerated, and not cosmic ray protons? Does this pose any
problem to the DSA model of cluster shocks?

Coma cluster in radio (LOFAR, Bonafede+20) & in y-rays (FERMi, Ackermann+13)

Halo front

.?_@ ¢ NGC4839

-----

NGC 4839

Coma A

BZCAT “~=we--"
X Comae

WSRT (352 MHz)

Streams - Relic edge

(the only y-ray emission is due to AGN)
Plausible proposed solutions (but nothing sure):
a) weak shocks in the ICM are efficient in accelerating electrons and not protons (need Particle ir

Cell simulations to investigate this)
b) most of emissions require seed cosmic rays from AGNs, and AGN jets are mostly leptonic



GALAXY CLUSTERS : FARADAY ROTATION

Sources observed
though the cluster

and cluster sources:

there is a strong
trend for sources
projected onto
clusters to have RM
much larger than
galaxies in the field

RM [rad /m?2]

<00

o

200

| | | | | I | I
« eCluster members
eBackground sources
| eControl sample |
1: X T |
" e , ®°
-J .o # : ®
- ) - > & ¢ e’ o
o, i{g 'f : g%%§ 5;.. o
¢ s |
ﬁ
e, -
®
Clarke et al. 2004
l I | \ | | | |
0 1000 2000 3000

projected distance from the
cluster centre [kpc]



GALAXY CLUSTERS : FARADAY ROTATION

Example:
polarised emission from OE— e —— e
galaxies within and -
behind the , o
Coma cluster N ,'r o - /
(Bonafede+10) ey Y '




GALAXY CLUSTERS : FARADAY ROTATION
Example:
polarised emission from
galaxies within and distribution of RM
beyond the for this source
Coma cluster e e s e o
(Bonafede+10) ' '250 _
= 200 ¢
2 150}
100 |
S50}
0Ot
RM [rad/m2] -40
Polarisation angle . RM=SS4-26mdn’ . s
vs A2 relation for 3 i = - o -
different pixels. ol ‘ ] L - A ]i -
g:fss— B %88— ;go
the slope of thisis . H B i
the Rotation 4 ;i
Measure TR TR rmerresrmaTEsTY ey
X [ A [or'] A on]



GALAXY CLUSTERS : FARADAY ROTATION

Profile of average RM (left) and dispersion of RM (right) for 14 polarised
sources as a function of the distance from the centre of Coma

500¢ : ' el 400¢ S ]
o | Relic | : | Relic | |
«E 400 E— * 1 | —é P 300 % | | _E
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GALAXY CLUSTERS : FARADAY ROTATION

Profile of average RM (left) and dispersion of RM (right) for 14 polarised
sources as a function of the distance from the centre of Coma
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GALAXY CLUSTERS : FARADAY ROTATION

Simulated vs real RM and op,, in the Coma cluster
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WHY NOT USING CLUSTERS OF GALAXIES TO STUDY PMFS?

Filaments: no or little dynamo, Clusters: dynamo amplification,
memory of seed By, is preserved memory of seed By, is lost
2/3
<BFila> ~ By(n/ng)

(Biewm) ~ mpieo) > B,

1.68e-12 6.18e-12 1.83e-1 5.09e-1 1.38e-10 3.72e-10 1.68e-12 6.18e-12 1.83e-1 5.09e-1 1.38e-10 3.72e-10

red=gas temperature, blue/yellow= B-field amplitude

more on dynamo tomorrow



Initial B only along y Initial B only along x
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WHY NOT USING CLUSTERS OF GALAXIES TO STUDY PMFS?

. Clusters are a nearly closed systems and B-field lines could be forced for many eddy

turnover times; in filaments B-field lines can be forced only for ~ 1 eddy turnover time

before being transported towards clusters

Clusters have more sources of astrophysical contaminations (galaxies, AGN, jets, SNR..)

. The flow in the ICM is subsonic (/ < 0.5)
and mostly solenoidal: dynamo is very
efficient and memory of seed fields is lost

The flow in filaments is trans/supersonic
(M ~ 1 — 10) and mostly compressive:
dynamo is not well developed and memory
of seed fields is retained

...However, the final answer is still rooted in
numerics (what for a X 10> higher
resolution?) and in plasma properties in these
very diluted environments (kinetic effects?)

logo (saturation level)

Measured saturation level (Eg/Ey) for
simulations with different Mach numbers
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SOME SUGGESTED READING

J M. L. Norman 2010 “Simulating Galaxy
Clusters” htip://arxiv.org/abs/1005.1100

e PBrunetti G. & Jones T., 2014, “COSMIC RAYS
IN GALAXY CLUSTERS AND THEIR NON-
THERMAL EMISSION” https://arxiv.orq/pdf/

1401.7519

e Van Weeren R. et al. 2019, “Diffuse Radio
Emission from Galaxy Clusters” htips.//
arxiv.org/abs/1901.04496
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