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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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Comparing XRISM cluster velocity dispersions with predictions from cosmological
simulations: are feedback models too ejective?
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THE XRISM VIEW OF THE COMA CLUSTER

NGC 4889 NGC4874
-550 km s~ +170 km s~

202 +24 kms™’

Figure 3. XRISM Resolve measurements of (a) the LOS velocities relative to the mean velocity of cluster member galaxies and (b) LOS
velocity dispersion, overlaid on the XMM-Newton image. Uncertainties are statistical 1o. The values to the left of the fields represent the entire
3" x 3’ field, while the values inside the FOV pertain to the 1.5 quadrants, for which the relatively small PSF smearing effect is not included.
The two brightest galaxies are marked along with their relative LOS velocities. Green labels mark the quadrants discussed in §§3.2-3.3.
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THE XRISM VIEW OF THE COMA CLUSTER

Abstract

The XRISM Resolve microcalorimeter array measured the velocities of hot intracluster gas at two positions in the
Coma galaxy cluster: 3' x 3 squares at the center and at 6’ (170kpc) to the south. We find the line-of-sight
velocity dispersions in those regions to be o, = 208 + 12kms™ ' and 202 &+ 24 km s~ ', respectively. The central
value corresponds to a 3D Mach number of M = 0.24 4 0.015 and a ratio of the kinetic pressure of small-scale
motions to thermal pressure in the intracluster plasma of only 3.1% =+ 0.4%, at the lower end of predictions from
cosmological simulations for merging clusters like Coma, and similar to that observed in the cool core of the
relaxed cluster A2029. Meanwhile, the gas in both regions exhibits high line-of-sight velocity differences from the

mean velocity of the cluster galaxies, Av, = 450 + 15kms~' and 730 -

- 30kms ™', respectively. A small

contribution from an additional gas velocity component, consistent with the cluster optical mean, i1s detected along
a sight line near the cluster center. The combination of the observed velocity dispersions and bulk velocities is not
described by a Kolmogorov velocity power spectrum of steady-state turbulence; instead, the data imply a much
steeper effective slope (i.e., relatively more power at larger linear scales). This may indicate either a very large
dissipation scale, resulting in the suppression of small-scale motions, or a transient dynamic state of the cluster,
where large-scale gas flows generated by an ongoing merger have not yet cascaded down to small scales.

Unified Astronomy Thesaurus concepts: Galaxy clusters (584); Coma Cluster (270); Intracluster medium (858);

High resolution spectroscopy (2096)
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THE XRISM VIEW OF THE COMA CLUSTER

A) VERY LARGE DISSIPATION SCALE

(>100KPC)
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THE XRISM VIEW OF THE COMA CLUSTER

A) VERY LARGE DISSIPATION SCALE

(>100KPC) | ACCORDING TO
OR ~ OUR WORK:
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High resolution spectroscopy (2096)
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e WHY SHOULD CLUSTERS OF GALAXIES BE TURBULENT ?

e WHY SHOULD TURBULENCE FOLLOW SOME SPECIFIC LAW?

e WHAT XRISM MEASURED AND WHAT WE THINK IT MEANS



WHY SHOULD CLUSTERS OF GALAXIES BE TURBULENT?




WHY SHOULD CLUSTERS OF GALAXIES BE TURBULENT?

they are:




WHY SHOULD CLUSTERS OF GALAXIES BE TURBULENT?

they are:

“the largest gravitationally bound
structures in the Universe”

4 )
~ 84 % dark matter

~ 16 % ordinary matter

(approximate) virialisation:

GM  5kT
~ ~ 10°%km/s

Rvir Sﬂmp

R, = ¢ GM/o2 ~ 1 — 3Mpc

- J




WHY SHOULD CLUSTERS OF GALAXIES BE TURBULENT?

they are:

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

e

.

E, ~ U~ 10%rg

IOSS v

A fraction ~ 10 % P,.,

erg/s

IS channeled Iinto turbulence,

cosmic rays and B-field

J

— evolving



WHY SHOULD CLUSTERS OF GALAXIES BE TURBULENT?

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

e

/Imfpcollisional mean free path ( ~ 20kpc)

r; gyroradius of protons ( ~ 10~ kpc)
1y <K Appp <K Ry,

the dynamics of the intracluster
medium is ruled by collective plasma
pProcesses.

If turbulence is injected on ~ RW-,, scales, it

can develop over a huge dynamical range

~

J

A ~ 20kpc

o1y~ 10%cm ~ 1()f13kpc -

— turbulent



gas density gas temperature




WHY SHOULD TURBULENCE FOLLOW SOME SPECIFIC LAW?

e A turbulent flow is composed by eddies of different size (1) and internal velocity dispersion

V).

Eddies “process” their energy on a 7, ~ A/v, timescale, and reorganize into smaller eddies

producing a “cascade” of kinetic energy.

o the energy “goes” from the largest scales (L) of the motion to smaller scales ( ~ A,
the viscosity dissipates the kinetic energy (into microscopic random motions, i.e. “heating”)

larger

) at which

TBEl extinction
Viscosity - due to viscosity
at some length scale
U
8@ 8@ .
smaller @ extinction
due to viscosity
VISCOSi
. @ Q QO at smaller
@ @ @ @ length scale
203

If Kinetic energy is conserved, the flow of kinetic energy across scales follows: ¢ = — =

T, 7

= 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 k = 27/ 4.
The power spectrum FE(k) describes the energy of flucutations as a function of scale and

kvisc <AV>2
its integral gives the total kinetic energy: E(k)dk =
kinj 2
e [njection
e

Viscous

~Na
‘ ' _~7 dissipation
e

I/L 1N,

< , >
Inertial subrange



FULLY DEVELOPED TURBULENCE - K41 MODEL

In 1941, through “dimensional analysis” A. Kolmogorov demonstrated that the
only allowed form for the power spectrum is:  E(k) < €*2k™" i the flow
IS a) stationary, b) incompressible and ¢) homogenous.

Demonstration:
__~ Injection Av? « E(k)dk implies this possible
et coml:%ination of dimensions: ,
fluctuations in real space cm m 04 1
] = 2, P — :
Log E(k) [ q2 | =¢"- (kdk) [S3a mﬁ“]

S Eky x k™| |
O In which « and g are unknown. But we now
N

/ have a system of two equations:
O\ Viscous {2 = 2a — 'B — Lfor [m]
(V _~7 dissipation 2 =3a for [s]

e

With solution ¢ = 2/3 and f = — 5/3.

power spectrum | . So E(k) X € 2/3k_5/3.
1/L 11 11, This is the famous “Kolmogorov’s 5/3 law”

< , 5
Inertial subrange



TURBULENCE IN ASTROPHYSICAL ENVIRONMENTS

Thus “Kolmogorov’s 5/3 law” has been observed virtually everywhere in astrophysics:

from ~ 10° kmto ~ Mpc scales.

3
s
LIt
~
S . R;  Physical situation
* 2000 Tidal channe! .
107" * 850  Boundary layer /,‘v\
* 308 Wake behind cylinder Pao’s (1965) <\
L » 170 Pipe flow orrelati R
107 <« 130 Homogencous shear flow  €0Treiation -
. A 72 Gnd turbulence
03k = 23 Wake behind cylinder
l v 14 Gnid turbulence
10~ 1 1 ! |

>

10~ 1073 1072 1!
kik

10)

Figure 1. Measured one-dimensional energy spectra for a wide range of Reynolds numbers and physical
siznations showing the asymptotic effect of scaling on Kolmogorov (1941) variables. Image reproduced

from Figure 2.4 of Refcrence [6].

1)

70 1 1 1 ) ) Ll
. Big Power Law in the Sky Extended by WHAM Data

WHAM Data
\ OM fluctuations
ISM velocity e
fluctuations "

..\-
. df /dt in
$ dynomic spectra
-30 _ ~667 _-11/3
E 10 m q o /
\

log,5(spectral density, Py, (m™)

0
) Kolmogorov spectrum / -
&
fractiv i
g N
(stors ond boxes) N weak ISS
30 F Vv, atcm A
: .
in space, from the solar " |

wind to the ISM  wrong 55—

—

.

ot meter A . \§°
20 | . &
decorrelation BW . \
& angular broad. :
1 1 1 1 1 |
-18 -16 -14 -12 -10 -8 -6

log,o(spatial wavenumber, g (m™'))

Big power law in the sky from [45] extended to scale of parsecs using WHAM data. From [46].



TURBULENCE IN ASTROPHYSICAL ENVIRONMENTS

Turbulent velocity power spectrum for a compilation of probes of the ISM dynamics:
supersonic (o, > c) & magnetised (o, ~ v,) turbulence

Turbulent Velocity Power Spectrum
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(SIMULATED) TURBULENCE IN THE ICM

Angelinelli+20

literature of the last ~ 20 years:

" turbulence close to Kolomogorov (slightly steeper)

> turbulent pressure ~ 5 — 30 % thermal depending on
dynamical state AND “filtering” methods
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see also lapchino+08, Ryu+08, Lau+09, Vazza+12,17,18;

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



(SIMULATED) TURBULENCE IN THE ICM

SIMULATIONS

" a lot of turbulent motions injected by
multiple accretion events

vi[kms™!]
0 500 1000 1500 2000

FV+2006 SPH

Figure 1. 'Two-dimensional maps lor the central ~(1.3 Mpe)? region ol the most massive cluster ol our sample. A subcluster 10 times less massive is being
accreted (entering from the left). The streamlines on the left depict the velocity defined with respect to the centre of mass velocity; on the right they depict the
local velocity residuals lor two dillerent resolutions ol the algorithm: / ~ 32Kpc (centre) and / ~ 16 Kkpe (right). The overlaved colour maps show the Kinetic
energy ot gas particles for each of the velocity fields.
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(SIMULATED) TURBULENCE IN THE ICM

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)

64 & 72 83 00 118 142 170 203 240 262 FV+12

Kig.7. Two-dimcensional slicc showing the distribution of cohcrence
scales (in kpc) for a velocity field of the same region as in Iig. 5.



(SIMULATED) TURBULENCE IN THE ICM
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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)

" Velocity power spectra close to Kolmogorov
(P, (k) k=) to a good approximation...but

NOT the classical stationary and single
injection model!

- if P (k) is measured in small volumes

( < 300°kpc?) it gets close to Kolmogorov, but
when the P (k) for the entire cluster is steeper

( < k~?): stratification, shocks..



(BACK TO) THE XRISM VIEW OF THE COMA CLUSTER

KEY FINDINGS:

" velocity structure function much steeper than Kolmogorov

~ relatively low velocity dispersion (o < 250 km/s) resulting into a low

turbulent pressure support ( < 3 % of total)
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Figure 6. The XRISM value of pyi, / pior for Coma, derived from the
central line width, is compared with predictions from several cos-
mological simulations. Open symbols represent all clusters, while
filled symbols select only the disturbed Coma-like clusters. For
TNG-Cluster, there is an additional selection based on cluster mass
and weighting by X-ray emission measure (see Appendix B). The
horizontal intervals show the 16" —84"™ percentiles of the simulated
cluster populations. The measured value 1s at the low end of the

predictions.
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THE XRISM VIEW OF THE COMA CLUSTER

Re-analysis of a ~ 1()15M® Coma-like cluster (produced in 2018)

0.4

%2 . same mass as

'°'” Coma
-0.48

. . similar density and

entropy profiles

7% ¢ good match to the
-2 RM profile of real

26 Coma

FV & BRUNETTI, SUBMITTED




(Ideal) MHD equations on a comoving grid.

%+EV-(pV)=
%*év'(pvv +17—BB)=—gpv— %pV@
W+%V-[v(ﬁ+E)—B(B-V}]=—S(m!2+%p+ B?Q)—gv-vcb
%—%VX(VXB)z—%B

(+ source terms from star/AGN feedback)

: R : £ B
3 r " B 1(. ~. - o, [ e : ‘ :
. L3 _ Pt

SJevAePY | cOSMOLOGICAL MHD SIMULATIONS

Ideal for discontinuities (shocks), turbulence

and hydro-MHD phenomena.

t

/pjv‘ﬁ.L
‘l....

Large volumes: statistics and lightcones — comparison with radio surveys

zoomed sims: plasma physics
comparison with single objects
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http://enzo-project.org
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THE XRISM VIEW OF THE COMA CLUSTER

Re-analysis of a ~ IOISMQ Coma-like cluster (produced in 2018)

™ — -

5.81e+38

4. 40e+39
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1e+02

3e+02

LOS average velocity

and velocity dispersion

X-ray weighted LOS
average velocity and
velocity dispersion
within 90 kpc? FOV
as in XRISM
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THE XRISM VIEW OF THE COMA CLUSTER

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

erg/s/pixel]

) — —_—
= Center, NW .
quadrant .

total mode!
|- z=00217{ 470 kms )
mem 7=(,0233 {cluster mean)

|'”|
I ]
0.02 - }
i | |
l\
|

0.01

Sectss keV!

6.45 6.50 6.55 6.60
£ keV

Figure 4. The spectrum [or the NW guadrant of the Center hield
(Lhe one wilh the highesl velocity dispersion, see Fig. 3b). Only the
l'e-Hecr line complex is displayed, binned by 4 eV. Two velocity
companents are needed o model the hine profile. The main com-
ponent (blue) is blueshilled from the cluster mean by 4700 km 5™,
while the additional component (magenta) is at the cluster optical
mean velocity and contributes 22 - 7% of the emission measure.
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several FOVs giving
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THE XRISM VIEW OF THE COMA CLUSTER

Ratio between the X-ray weighted velocity dispersion and the true (energy weighted)

velocity dispersion along all LOS within r < 500 kpc
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X-ray weighted os well in line with XRISM observations, but the

true ones are ~ 30 — 50 % higher
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THE XRISM VIEW OF THE COMA CLUSTER

Ratio 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)
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THE XRISM VIEW OF THE COMA CLUSTER

The true isotropic turbulent supportis ~ 5 — 15 % depending on the filtering scale, while
the X-ray estimate is biased low: ~ 3 %

| | L | | | | | | | | | | | | I |

. Nelson 14
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Figure 6. The XRISM value of pyi, / piot for Coma, derived from the
central line width, is compared with predictions from several cos-
mological simulations. Open symbols represent all clusters, while
filled symbols select only the disturbed Coma-like clusters. For
TNG-Cluster, there 1s an additional selection based on cluster mass
and weighting by X-ray emission measure (see Appendix B). The
horizontal intervals show the 16™ —84"™ percentiles of the simulated
cluster populations. The measured value is at the low end of the
predictions.

total unfiltered kinetic pressure

O
)
Vv =
~ -1 -
@) 10 S
= S
(O c
- S
L =
3 /
% —2 Pb 150’ 'p Lot
&) 10 _ ptn:rb, 3Cl0"’fp Lol
< P Lurh, 600/’?’ tot
! )tu.-rb,IQOO’/ Lo
pkin 2! )tot
Isotropic turbulent pressure XRISM estimate
10> ' . ,
0 500 1000 1500

rlkpc]

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
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SO..WHAT IS HAPPENING?
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stationary turbulence forcing in an idealised turbulence in the central region of a cluster simulatec
“turbulent in the box” setup R, ~ 512 in cosmology R, ~ 500



SO..WHAT IS HAPPENING?

Cosmo. Sim. Beta-mode

Fully cosmological simulated cluster vs analytical /—model

spherical cluster model taiolred to reproduce Coma
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Cosmo. Sim.

SO..WHAT IS HAPPENING?

Beta-mode
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3D velocity field from the"simulation vs

analytically generated random velocity
field drawn from a Kolmogorov spectrum,
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Cosmo. Sim.

SO..WHAT IS HAPPENING?

Beta-mode
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- distribution of oy ; g : the simulated ones
are ~60% of the analytical ones.

" why? intermittency (=less filling factor) of
realistic ICM turbulence
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Cosmo. Sim.

SO..WHAT IS HAPPENING?

Beta-mode
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Key message:

if turbulence in the ICM is anything like
the one in (any) cosmological
simulation, the same distribution of
Ox 1 0s corresponds to a higher ( ~ 2 at

least) turbulent kinetic energy.
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SO..WHAT IS HAPPENING? . .
e ICM is

anything like the one in (any) cosmological
simulation:

" the same total kinetic energy gives a
~ 2 smaller oy;os compared to

homogenous Kolmogorov turbulence

- a given oy ;g corresponds to a ~ 2

higher kinetic energy compared to
homogenous Kolmogorov turbulence

Multiple and intermittent driving events

create a patchy and intermittent turbulent
flow
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INTERMITTENCY IS KEY

from Kowal, Lazarian & Bersnyak ( 807 ) in |SM contef<
Instead, ﬂuctuatlons tend to get increasingly sparse in time and

space at smaller scales. This property 1s called intermittency. Note

that power-law scaling does not guarantee scale invariance or the
absence of intermittency.

Intermittency 1s an essential property of astrophysical fluids.

FV, Jones+17



Side note:

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

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

(FV+18 MNRAS)
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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, zoz:z4kms-<>

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

THANKS
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