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1.4GHz

THE XRISM SATELLITE

‣ JAXA+NASA+ESA X-ray telescope 
launched in late 2023

‣ success after long history of  
“unlucky” satellites for X-ray 
spectroscopy: AstroE (2000), 
Suzaku(2006), Hitomi (2016)..

‣ unprecedented spectral resolution 
(5-7eV), limited ang. resolution (30’’) 
and FOV (3’)

‣ ideal to measure (finally!) turbulence in 
the intracluster medium via X-ray 
spectroscopy 
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A) VERY LARGE DISSIPATION SCALE 

(>100KPC)

OR 

B) TURBULENCE FROM ONGOING MERGER 

WHICH HAS NOT CASCADED DOWN TO 

SMALL SCALES 

ACCORDING TO 
OUR WORK:

PROBABLY 
NOTHING OF THIS



WHY SHOULD CLUSTERS OF GALAXIES BE TURBULENT ?

WHY SHOULD TURBULENCE FOLLOW SOME SPECIFIC LAW?

WHAT XRISM MEASURED AND WHAT WE THINK IT MEANS
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WHY SHOULD CLUSTERS OF GALAXIES BE TURBULENT?

they are:


“the largest gravitationally bound 
structures in the Universe” 
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they are:


“the largest gravitationally bound 
structures in the Universe” 

dark matter 


ordinary  matter 


( stars)


(approximate) virialisation:

∼ 84 %

∼ 16 %

∼ 1 %

2Ek = U → σ2
v ∼

GM
Rvir

∼
5kbT
3μmp

∼ 103km/s

R ∼ 1 − 3Mpc
M ∼ 1014 − 1015M⊙

 large→
Rvir = GM/σ2

v ∼ 1 − 3Mpc

WHY SHOULD CLUSTERS OF GALAXIES BE TURBULENT?



Chandra X-ray surface brightness

merger
axis

vinf ∼ 103km/s

tcross ∼ 1Gyr.A fraction  
 is channeled into turbulence, 
cosmic rays and B-field


Ek ∼ U ∼ 1064erg
Pkin ∼ Ek /tcross ≲ 1046erg/s

∼ 10 % Pkin

 evolving→

they are:


“formed by the most energetic events 
in the Universe (cluster mergers)”

WHY SHOULD CLUSTERS OF GALAXIES BE TURBULENT?



Chandra X-ray surface brightness

merger
axis

they are…….   “the most  perfect plasma laboratory in the Universe” 

collisional mean free path ( ) 


  gyroradius of protons ( )


the dynamics of the intracluster

medium is ruled by  collective plasma 
processes.

If turbulence is injected on  scales, it 
can develop over a huge dynamical range

λmfp ∼ 20kpc

rL ∼ 10−13kpc

rL ≪ λmfp ≪ Rvir

∼ Rvir

λmfp ∼ 20kpc

rL ∼ 108cm ∼ 10−13kpc.

WHY SHOULD CLUSTERS OF GALAXIES BE TURBULENT?

 turbulent→



gas density                                         gas temperature



• A  turbulent flow is composed by eddies of different size ( ) and internal velocity dispersion   .  
Eddies “process” their energy on a     timescale, and reorganize into smaller eddies 
producing a  “cascade” of kinetic energy. 

• the energy “goes” from the largest scales ( ) of the motion to smaller scales ( ) at which 
the viscosity dissipates the kinetic energy (into microscopic random motions, i.e. “heating”)

λ vλ
τλ ∼ λ/vλ

L ∼ λvisc

Reν

• If kinetic energy is conserved, the flow of kinetic energy across scales follows:   ϵ =
v2

λ

τλ
=

v3
λ

λ
= constant

WHY SHOULD TURBULENCE FOLLOW SOME SPECIFIC LAW?



The process is more naturally described in Fourier space - as a continuous distribution of 
waves with frequency .
The power spectrum  describes the energy of flucutations as a function of scale and 

its integral gives the total kinetic energy:   

k = 2π/λ
E(k)

∫
kvisc

kinj

E(k)dk =
⟨Δv⟩2

2

fluctuations in real space

power spectrum

WHY SHOULD TURBULENCE FOLLOW SOME SPECIFIC LAW?



FULLY DEVELOPED TURBULENCE - K41 MODEL

fluctuations in real space

power spectrum

In 1941, through  “dimensional analysis” A. Kolmogorov demonstrated that the 
only allowed form for the power spectrum is:         if the flow 
is a) stationary, b) incompressible and c) homogenous.

E(k) ∝ ϵ2/3k−5/3

  implies this possible 
combination of dimensions:

 

in which  and  are unknown. But we now 
have a system of two equations:

 for [m]
                for [s]

With solution  . 

Δv2 ∝ E(k)dk

[
cm2

s2
] = ϵα ⋅ (kdk)β = [

m2α

s3α
⋅

1
mβ+1

]

α β

2 = 2α − β − 1
2 = 3α

α = 2/3 and β = − 5/3

So  .

This is the famous “Kolmogorov’s 5/3 law” 

E(k) ∝ ϵ2/3k−5/3

E(k) ∝ k−5/3

{

Demonstration: 



TURBULENCE IN ASTROPHYSICAL ENVIRONMENTS

Thus “Kolmogorov’s 5/3 law” has been observed virtually everywhere in astrophysics:
from to  scales.∼ 103 km ∼ Mpc

in terrestrial flows 

in space, from the solar
wind to the ISM



Turbulent velocity power spectrum for a compilation of probes of the ISM dynamics:

supersonic ( ) & magnetised ( ) turbulence σv ≥ cs σv ∼ vA

TURBULENCE IN ASTROPHYSICAL ENVIRONMENTS

NOT the same single injection
…still close to a global 
Kolmogorov spectrum 



50MHz

1.4GHz

(SIMULATED) TURBULENCE IN THE ICM 
literature of the last  years:

‣ turbulence close to Kolomogorov (slightly steeper)

‣ turbulent pressure  thermal depending on 
dynamical state AND “filtering” methods

∼ 20

∼ 5 − 30 %

Dolag+05

Gaspari+13

Angelinelli+20

Simonte+22

Vazza+09, 11
see also Iapchino+08, Ryu+08, Lau+09, Vazza+12,17,18;

Valdarnini+19, Mohapatra+22; Groth+24, Valles-Perez+24…



FV+2006 SPH

Groth+25, GADGET 3

SIMULATIONS

‣ a lot of turbulent motions injected by 
multiple accretion events 

(SIMULATED) TURBULENCE IN THE ICM 

FV+2009 AMR



FV+2006 SPH

FV+12

SIMULATIONS

‣ a lot of turbulent motions injected by 
multiple accretion events 

‣ there is no single injection episode nor 
a single injection scale - but rather A 
DISTRIBUTION OF INJECTIONS (AND 
CASCADES)

(SIMULATED) TURBULENCE IN THE ICM 



FV+2006 SPH

Simonte+22

FV+09 FV+12 ‣ Velocity power spectra close to Kolmogorov  
( ) to a good approximation…but 
NOT  the classical stationary and single 
injection model!

‣ if  is measured in small volumes 
( ) it gets close to Kolmogorov, but 
when the  for the entire cluster is steeper 
( ): stratification, shocks..

Pv(k) ∝ k−5/3

Pv(k)
≤ 3003kpc3

Pv(k)
∝ k−2

SIMULATIONS

‣ a lot of turbulent motions injected by 
multiple accretion events 

‣ there is no single injection episode nor a 
single injection scale - but rather A 
DISTRIBUTION OF INJECTIONS (AND 
CASCADES)

(SIMULATED) TURBULENCE IN THE ICM 



50MHz

1.4GHz XRISM COLLAB. 2025

KEY FINDINGS:

‣ velocity structure function much steeper than Kolmogorov

‣ relatively low velocity dispersion ( ) resulting into a low 

turbulent pressure support (  of total)

σ ≤ 250 km/s
≤ 3 %

(BACK TO) THE XRISM VIEW OF THE COMA CLUSTER



Re-analysis of a  Coma-like cluster (produced in 2018)∼ 1015M⊙

1.4GHz FV & BRUNETTI, SUBMITTED

same mass as 
Coma

similar density and 
entropy profiles

good match to the 
RM profile of real 
Coma

THE XRISM VIEW OF THE COMA CLUSTER



 (Ideal) MHD equations on a comoving grid. Ideal for discontinuities (shocks), turbulence 
and hydro-MHD phenomena.

COSMOLOGICAL MHD SIMULATIONS

(uniform grid)
Large volumes: statistics and lightcones  comparison with radio surveys   →

FV
 +

 2
01

9 

(+ source terms from star/AGN feedback)

50 Mpc zoomed sims: plasma physics                   
comparison with single objects

→

http://enzo-project.org


Re-analysis of a  Coma-like cluster (produced in 2018)∼ 1015M⊙

1.4GHz FV & BRUNETTI, SUBMITTED

LOS average velocity 

and velocity dispersion

X-ray weighted LOS 

average velocity and 

velocity dispersion 

within  FOV 
as in XRISM

902 kpc2

THE XRISM VIEW OF THE COMA CLUSTER



50MHz

1.4GHz FV & BRUNETTI, SUBMITTED

Simulated Iron Line broadening for 4 different FOVs in the cluster centre

several FOVs giving 
broadning similar to real 
XRISM’s observation

THE XRISM VIEW OF THE COMA CLUSTER



50MHz

1.4GHz FV & BRUNETTI, SUBMITTED

Ratio between the X-ray weighted velocity dispersion and the true (energy weighted) 
velocity dispersion along all LOS within r ≤ 500 kpc

X-ray weighted s well in line with XRISM observations, but the 
true ones are  higher

σ
∼ 30 − 50 %

THE XRISM VIEW OF THE COMA CLUSTER



50MHzRatio between the X-ray weighted velocity dispersion and the true (energy weighted) 
velocity dispersion along all LOS within r ≤ 500 kpc

Ratio btw X-ray and 
true velocity 
dispersion has a 
very scattered trend 
with X-ray emission

(  no obvious 
correction term to 
offer)

→

FV & BRUNETTI, SUBMITTED

THE XRISM VIEW OF THE COMA CLUSTER



50MHz

1.4GHz FV & BRUNETTI, SUBMITTED

The true isotropic turbulent support is depending on the filtering scale, while 
the X-ray estimate is biased low: 

∼ 5 − 15 %
∼ 3 %

total unfiltered kinetic pressure

isotropic turbulent pressure

THE XRISM VIEW OF THE COMA CLUSTER
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50MHz

1.4GHz

FV & BRUNETTI, SUBMITTED

IS X-RAY SPECTROSCOPIC TURBULENCE CONSISTENT WITH MODELS?  

The 3D velocity structure function is  Kolmogorov for more than a decade in scale. 

VSFs reconstructed using a few LOS are similar to XRISM, but in general little reliable

∼



FV & BRUNETTI, SUBMITTED

SO..WHAT IS HAPPENING?



IDEALISED VS CLUSTER TURBULENCE

stationary turbulence forcing in an idealised 
“turbulent in the box” setup Re ∼ 512

turbulence in the central region of a cluster simulated 
in cosmology   Re ∼ 500



1.4GHz
FV & BRUNETTI, SUBMITTED

Fully cosmological simulated cluster vs analytical model 

spherical cluster model taiolred to reproduce Coma

β−

SO..WHAT IS HAPPENING?



1.4GHz
FV & BRUNETTI, SUBMITTED

3D velocity field from the simulation vs 

analytically generated random velocity 

field drawn from a Kolmogorov spectrum, 

with identical kinetic energy  

∫ E(k)dk = Ekin

SO..WHAT IS HAPPENING?



1.4GHz
FV & BRUNETTI, SUBMITTED

‣ distribution of  :  the simulated ones 
are ~60% of the analytical ones.

‣ why? intermittency (=less filling factor) of 
realistic ICM turbulence

σX,LOS

SO..WHAT IS HAPPENING?



1.4GHz
FV & BRUNETTI, SUBMITTED

Key message: 

if turbulence in the ICM is anything like 
the one in (any) cosmolog ica l 
simulation, the same distribution of 

 corresponds to a higher (  at 
least) turbulent kinetic energy.
σX,LOS ∼ 2

SO..WHAT IS HAPPENING?



1.4GHz
FV & BRUNETTI, SUBMITTED

Key message:  if turbulence in the ICM is 
anything like the one in (any) cosmological 
simulation: 

‣ the same total kinetic energy gives  a 
 smaller  compared to 

homogenous Kolmogorov turbulence 

‣ a given  corresponds to a  
higher kinetic energy compared to 
homogenous Kolmogorov turbulence  

Multiple and intermittent driving events 
create a patchy and intermittent turbulent 
flow 

∼ 2 σX,LOS

σX,LOS ∼ 2

SO..WHAT IS HAPPENING?



INTERMITTENCY IS KEY
from Kowal, Lazarian & Bersnyak (2007) in ISM context

FV, Jones+17

FV, Jones+17

Valles-Perez+21



1.4GHz

Side note: 

we already reported the same effects 
in dyamically simulated magnetic 
fields vs turbulence in a box 
simulations:

in the more complex ICM, more 
intermittency of B-flucutations even if 
with the same power spectra

(FV+18 MNRAS)



50MHz

IS XRISM TURBULENCE COMPATIBLE WITH SIMULATIONS?
Bottom line:

‣ YES

‣ the “boring” hydro-MHD view of the simulated ICM well  explains 

XRISM observations of Coma: turbulence in the ICM is patchy, 

intermittent and non-stationary

‣ inverting the information from biased X-ray spectroscopic 

measurements from limited FOV is not easy..

‣ future? the situation should improve 
  with (New)ATHENA in 2030 ∼

Roncarelli+2018THANKS


