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Velocities behind rising bubbles 
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VELOCITY DISPERSIONS IN THE COLD ISM 
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Cool gas tracing motions of the hot phase

self-regulated 
AGN jet feedback simulation run

by Gaspari et al. 2018

Perseus 



Gas Fluctuations in the Perseus Cluster 3
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Figure 2. Left: Chandra mosaic image of the Perseus Cluster in 0.5�3.5 keV band. The units are counts/s/pixel. Right: residual image
of the cluster (the initial image divided by the best-fitting spherically-symmetric ��model of the surface brightness), which emphasizes
the surface brightness fluctuations present in the cluster. The point sources are excised from the image. Black circles show a set of annuli
used in the analysis of fluctuations. The width of each annulus is 1.50 (⇡ 31 kpc). The outermost annulus is at distance 10.50 (⇡ 218
kpc) from the center. Both images are slightly smoothed with a 300 Gaussian.
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Figure 3. Left: shape of the combined Chandra PSF within the field of view of the Perseus Cluster. The random positions of individual
PSFs are used (see Section XX for details). Right: the combined exposure map in seconds slightly smoothed with a 300 Gaussian.
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8 Zhuravleva et al.

Figure 8. Left: amplitude of one-component velocity of gas motions versus wavenumber k = 1/l, measured in a set of radial annuli (see
legend) in the Perseus Cluster. The velocity is obtained from the amplitude of density fluctuations, shown in Fig. 7, using relation 5. The
color-coding and notations are the same as in Fig. 7. The slope of the amplitude for pure Kolmogorov turbulence (Kolmogorov 1941),
k�1/3, is shown with dash line. Right: radial profile of one-component velocity amplitude measured at certain length scales written in
the legend.

kpc (see Table 1). The velocity amplitudes quantitatively
match our expectations of typical velocities in the ICM from
various observational constraints (see e.g. Churazov et al.
2004; Schuecker et al. 2004; Werner et al. 2009; Sanders,
Fabian, & Smith 2011; de Plaa et al. 2012; Sanders & Fabian
2013, and references therein) and numerical simulations (see
e.g. Norman & Bryan 1999; Dolag et al. 2005; Iapichino &
Niemeyer 2008; Lau, Kravtsov, & Nagai 2009; Vazza et al.
2011; Miniati 2014, and references therein). Even though the
SB fluctuations analysis gives us reasonable constraints on
statistical properties of the velocity field in the ICM, the
method should be calibrated with the direct velocity mea-
surements with X-ray calorimeter on-board Astro-H obser-
vatory (Takahashi et al. 2014).

It was recently shown that in the cores of Perseus and
Virgo clusters, where the cooling time is shorter than the
Hubble time, the heating of the gas due to dissipation of
turbulence is su�cient to o↵set radiative cooling losses (Zhu-
ravleva et al. 2014b). Accounting for this fact, it is straight-
forward to estimate the Ozmidov scale lO of the turbulence
using only thermodynamic properties of the Perseus Clus-
ter and compare it with the scales we are probing with our
measurements. Knowing the Brunt-Väisälä frequency in the

cluster atmosphere, N =

r
g

�Hs

, through the acceleration

of gravity g and the entropy scale height Hs =

„
dlnS

dr

«�1

,

and the density-normalized dissipation rate ", the Ozmidov
scale is

lO = N
�3/2

"
1/2 = N

�3/2

„
Qcool

⇢

«1/2

, (6)

where we assumed " ⇠ the cooling rate Qcool = neni⇤n(T ),
normalized by the gas density ⇢. Here ne and ni are the num-
ber densities of electrons and ions, respectively, and ⇤n(T )
is the normalized gas cooling function (Sutherland & Dopita
1993).

Fig. 9 shows the radial profile of the Ozmidov scale lO

and a range of scales we are probing in each annulus (hatched
regions in Fig. 8). One can see that lO is within the interval
of scales we are probing at each distance from the center
within the cluster core. This means that the necessary re-
quirement for the proportionality coe�cient between density
and velocity ⌘1 ⇠ 1 is satisfied, namely the Ozmidov scale is
lower than the injection scale of turbulence (assuming that
we are probing velocity PS within the inertial range). Notice,
that we do not show lO at R < 20 kpc since the measured
gas entropy is flat towards the center, leading to lO !1.

It is also interesting to compare scales, on which veloc-
ities of gas motions were measured, with the Kolmogorov
(dissipation) scale

lK =
⌫

3/4
kin

(Qcool/⇢)1/4
, (7)

where ⌫kin =
⌫dyn

⇢
is the kinematic viscosity, which is ob-

tained through the dynamic viscosity ⌫dyn for an ionized
plasma without magnetic field. Fig. 9 shows the Kolmogorov
scale lK as well as the mean free path for comparison. The
Kolmogorov scale is significantly below the scales we are

c� 2014 RAS, MNRAS 000, 1–16

• V higher towards the center —> power injection from the center 
• larger V on smaller k —> consistent with cascade turbulence 
• 70 km/s < V1,k < 200 km/s on scales 6-30 kpc (within central 200 kpc)

Zhuravleva et al., 2015

Velocity power spectrum in Perseus



Perseus cluster 
Virgo cluster

locally: cooling ~ heating

AGN —> Bubbles —> Turbulent dissipation —> Heat
Zhuravleva et al. 2014b

Turbulent dissipation in AGN feedback



Velocities in a cluster sample

Zhuravleva et al. 2018



Velocities in a ram pressure stripped tail

Credit:X-ray: NASA/CXC/Univ. of Geneva, D. Eckert. Optical: SDSS provided by CDS through Aladin 



Resonance scattering in  
optically thick lines

No turbulence turbulence



Line suppressed by resonance scattering

Werner et al. 2009
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1D velocity 107 km/s 
3D velocity of Mach 0.44 
pressure support of 5.6 % 

scatter consistent with zero 
(but errors are large)



for gas motions on small 
spatial scales we expect 
significant line-of-sight 
velocity dispersion σ, 
resulting in line 
broadening, but no 
centroid shifts

if the spatial scale of 
motions is large, then 
we expect significant 
centroid shifts

Turbulent and bulk motions



ISAS/JAXA

Hitomi (ASTRO-H)

with a 
contribution of 
other Japanese 
universities and 

institutes

with a 
contribution of 
other US/EU 

universities and 
institutes



Hitomi FWHM 4.9 eV 
CCD FWHM ~120 eV

X-ray spectrum of the core of the Perseus cluster

Hitomi (ASTRO-H) Observation

Hitomi collaboration, Nature, 2016



Fe XXV Heα

w

x

y
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z

Hitomi data
Te ~ 4.1 keV

Hitomi collaboration, Nature, 2016



First Direct Velocity Measurements

line broadening

Hitomi collaboration, PASJ 2018

[km/s]

Eturb/Etherm ~ 2–6% 



First Direct Velocity Measurements

line shifts

[km/s]

Hitomi collaboration, PASJ 2018











THE PATH TO ATHENA

relativistic  
radio plasma

ionised X-ray atmosphere
Athena X-IFU, 100ks


Chandra, 100ks

10x10”

XRISM/Resolve PSF



The circumgalactic medium and baryon cycling



HUBS Mission Design
• High-resolution X-ray spectrometer 
• Energy range: 0.1-2 keV 
• Detector: TES microcalorimeter array 
• Main array: 60x60, energy resolution 2 eV @ 1 keV 

• Central array: 12x12 smaller pixels, energy resolution 
0.6 eV @ 1 keV 

• High-throughput X-ray telescope 
• Collecting area > 1000 cm2 
• Field of view ~ 1 deg2 
• Angular resolution < 1’
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HUBS Workshop, Dec. 1-4, 2023, Haikou, Hainan

Hot Universe Baryon Surveyor

Slide from Sifan Wang, 
see http://hubs.phys.tsinghua.edu.cn/ 



DIffuse X-ray Explorer (DIXE)
An experiment proposed for the 
China Space Station (CSS) 
• Energy range: 0.1-10 keV 
• Energy resolution: < 6 eV @ 0.6 keV 
• Field of view: 10° (collimated) 
• Effective area: 0.5 cm2 
• Grasp: 50 cm2 deg2 
• Observing mode: scanning survey 
• Period of operation: 2027-2029 
Bring high-resolution X-ray 
spectroscopy to the whole sky!
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HUBS Workshop, Dec. 1-4, 2023, Haikou, Hainan

HUBS Pathfinder

DIXE payload

10x10 array

H. Jin et al. 2023

Slide from Sifan Wang, 
see http://hubs.phys.tsinghua.edu.cn/ 



Line Emission Mapper - LEM

https://www.lem-observatory.org/




