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Suppressed Effective Viscosity in the 
Bulk Intergalactic Plasma



Intergalactic / Intracluster Medium
T ~ 7 keV     ne ~ 10-3 cm-3

Coulomb mean free path:
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• weakly-collisional plasma 
• high-β plasma

Gyroradius of particle:

rg =
mV?
|q|B ⇠ 3 · 10�14 kpc (⇠ 1000 km)

rg << λmfp



Do clusters follow the hydrodynamic description 
on micro scales?


Do magnetic fields and plasma instabilities change 
the properties of the ICM? How?


What are the transport properties of the hot 
intergalactic plasma?



Suppressed Transport Process in the ICM
А3667

Abell 3667/NASA/CXC/CfA/M.Markevitch

х1.7 at 2 kpc 
scale

λin—>out ~ 13 kpc

Vikhlinin & Markevitch 2002

Roediger et al. 2015

M89

see also Markevitch & Vikhlinin 07, Machocek et al. 05, Roediger et al. 12, ZuHone et al. 11,13,15, Werner et al. 16, Su et al. 17 etc.



?
Does ICM follow basic hydrodynamic model on 

microscales?

Transport processes in the bulk of the gas?




Weakly-collisional Plasma

L-1 λmfp-1η-1

k-5/3
Kinetic energy

E(k)

ρi-1
e.g., Schekochihin et al. 2010, Kunz et al. 11, Melville et al. 2016

k

probe with 
observations?



Challenge I: small mfp
bright cluster cores
λmfp < few kpc

non-cool-cores, off the center
 λmfp ~ T2n-1, 10s of kpc

Coma cluster
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Challenge II: no direct V measurements



‣ stratification 

‣ subsonic motions

‣ motions are generated on large,                                                 

buoyancy-dominated scales

Indirect Measurements of Velocity 
Power Spectrum
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sample of relaxed clusters from cosmological simulations: 
ART N-body+gas dynamics 
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Kravtsov+06, Nagai+07a

Verifying Density-Velocity Relation

Hitomi V are consistent with V from fluctuations in Perseus:

V ~ 100-200 km/s Hitomi collaboration 2016, 2018



Best Cluster for the mfp Measurements
Coma cluster ROSAT

proposed 

new observation

- hot bright cluster, T ~ 8 keV

- mfp < few kpc in the center and few 10s outside the center

- not an extreme merger

Coma cluster



texp ~ 0.5 Ms

λmfp < 10 kpc

texp ~ 1 Ms

λmfp ~ 10 - 30 kpc
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Arevalo et al. 2012, Churazov et al. 2012, Zhuravleva et al. 2014b, 2015, 2018 +

Surface Brightness Fluctuations in Coma



λmfp (offset)

Power Spectrum of Density 
Fluctuations in Coma

Zhuravleva et al. 2019, in press

A
3
D
(k
)
=

p
4⇡

P
(k
)k

3



L-1 λmfp-1η-1

k-5/3

E(k)

ρi-1
k

• Due to particle scattering off microfluctuations produced by plasma instabilities


• Possible modification of plasma turbulence by anisotropic transport processes with 
respect to local magnetic fields

e.g., Schekochihin et al. 2010, Kunz et al. 11, Melville et al. 2016

Squire, Schekochihin, Quataert, Kunz 2019, “magneto-immutable” turbulence 

Hydrodynamic models with pure Coulomb collisions do not 
describe intracluster plasma

λmfp (offset)

Power Spectrum of Density 
Fluctuations in Coma



Direct Numerical Simulations (DNS) of 
Hydrodynamic Turbulence
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Dissipation (Kolmogorov) scale:

reproduce Kolmogorov 1941 predictions



Direct Numerical Simulations (DNS) of 
Hydrodynamic Turbulence

passive scalar

Thermal Prandtl number: Pr =
⌫

↵
reproduce Batchelor 1959 predictions



Kolmogorov (Dissipation) Microscale in Coma
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Stratified medium, low viscosity and conduction, small scales:
entropy fluctuations ~ passive scalar => 

density fluctuations ~ passive scalar

For subsonic motions, P remains smooth =>
ρ fluctuations are compensated by T fluctuations

T fluctuations are subject to thermal conduction =>
parametrized by the thermal Prandtl number

Diffusivity of the Passive Scalar in ICM



Coma Observations and DNS Comparison

brightness in the central ~ 500 x 500 kpc region divided by the best-fitting model of the mean 
surface-brightness profile centered on RA=12h59m42.67 (J2000) and Dec=+27°56’40.9 (J2000) 
(black cross, see Methods and Extended Data Figure 5). The image highlights the surface-
brightness fluctuations relative to the smooth model. (c) The same as (b) for the offset region 
located at the distance ~ 250-550 kpc NW from the center. In order to account for the clusters’ 
large-scale asymmetry, the center of the model surface-brightness profile was shifted by ~ 120 kpc 
for this region (blue cross, see Methods and Extended Data Figure 5). All images were lightly 
smoothed with a Gaussian for visual purposes. The redshift of the Coma Cluster is z=0.023, so 
that 1’ corresponds to a physical scale of ~ 27.2 kpc (for h=0.72, Ωm=0.3, ΩΛ=0.7). 

 

 

Figure 2 | Scale-by-scale comparison of the amplitude of density fluctuations in the Coma 
Cluster and direct numerical simulations (DNS) of hydrodynamic turbulence. The 
amplitude is shown for the central (red) and offset (blue) regions in Coma rescaled to the 
dissipation rate, ε-1/3, versus the wavenumber k times the Kolmogorov microscale, η. In these 
units, the DNS predictions are the same for both regions. The wavenumber k is defined to be the 
inverse of the spatial scale l without a 2π factor. Note that when plotting the DNS spectra, we 
took into account a 2π factor used in the DNS definitions and used the V1k2=(2/3)kE(k) relation 
between the velocity amplitude and the energy spectrum E(k). The width of each region shows 
the estimated 1σ statistical uncertainty. Black curves show the velocity12 (solid) and passive 
scalar24 (dashed) amplitudes from DNS. We show the cases of Pr=1 and 0.1 provided by the 
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Wavenumber times Kolmogorov microscale

Pr=0.1

Pr=1

‣ Hydrodynamic model with Coulomb collisions does not describe the 
ICM plasma 

‣ Effective isotropic viscosity is suppressed in the bulk ICM



Coma: central

DNS, Pr=0.1

Wavenumber (kpc-1)
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Isotropic viscosity is suppressed in the bulk gas by at 
least a factor of ~ 10-1000 for Pr = 1-0.02

Coma Observations and DNS Comparison: 
Constraints on Viscosity

LETTERSNATURE ASTRONOMY

comparison shows that if the effective viscosity in Coma was com-
parable to the Spitzer viscosity, it would be affecting gas properties 
on relatively large spatial scales, up to ~400 kpc, which are compa-
rable with the typical injection scales in cosmological simulations 
of galaxy clusters.

The suppressed gas viscosity in the intergalactic plasma could 
be a consequence of the interaction of particles and plasma insta-
bilities. Electromagnetic fluctuations induced by plasma instabili-
ties could be present at scales much smaller than λ, down to the ion 
gyroscale and below. Interactions between fluctuations and particles 

may increase the effective collision rate and, therefore, the effective 
Reynolds number2,13. Another key effect, which is currently not well 
understood, is the possible modification of plasma turbulence by the 
anisotropy of the viscosity with respect to the local direction of the 
(statistically tangled) magnetic field29. In principle, even if the viscos-
ity is determined by Coulomb collisions, it may be unable to damp 
motions that do not lead to change in the magnetic field strength. 
Turbulence in such a plasma has only recently started to be explored 
numerically15 and it is interesting that our results may be consistent 
with a description of intracluster gas as a Braginskii plasma.
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Fig. 2 | Scale-by-scale comparison of the amplitude of density fluctuations in the Coma Cluster and DNS of hydrodynamic turbulence. The amplitude 
is shown for the central (red) and offset (blue) regions in Coma rescaled to the dissipation rate, ε−1/3, versus the wavenumber k times the Kolmogorov 
microscale, η. In these units, the DNS predictions are the same for both regions. The wavenumber k is defined to be the inverse of the spatial scale l 
without a 2π factor. Note that when plotting the DNS spectra, we took into account a 2π factor used in the DNS definitions and used the V1k

2!=!(2/3)kE(k) 
relation between the velocity amplitude and the energy spectrum E(k). The width of each region shows the estimated 1σ statistical uncertainty. Black 
curves show the velocity12 (solid) and passive scalar24 (dashed) amplitudes from DNS. We show the cases of Pr!=!1 and 0.1 provided by the numerical 
simulations. In the case of Pr!=!0.02, the amplitude cutoff will occur at even smaller kη as it scales with the Prandtl number as Pr3/4. Dotted lines show how 
spectral slopes are modified by the Δ-variance method21 used to derive the density fluctuation amplitudes. Vertical red and blue dashed lines show the 
range of the Coulomb mean free path times the Kolmogorov microscales in the central and offset regions, respectively. Uncertainties in η and ε may shift 
theoretical spectra in the horizontal direction by a maximum factor of ~2 (see Methods). Other systematic uncertainties are discussed in the Methods and 
shown in Supplementary Figs. 4–6.
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Fig. 3 | Constraints on gas viscosity in the Coma Cluster. a, The observed amplitude of density fluctuations in the central region in Coma (red shaded 
area, see Fig. 2 for details). Black dashed curves show the passive-scalar amplitude from DNS for Pr!=!0.1 and the effective viscosity as a fraction of the 
Spitzer viscosity. The thick curve shows the DNS spectrum that most closely resembles the observations. b, Viscosity suppression versus Prandtl number 
in the central (red) and offset (blue) regions in Coma. The hatched regions show the estimated values of gas viscosity and Pr that describe the observed 
data. The case of hydrodynamic gas with pure Coulomb collisions (ν!=!ν0 and Pr!=!0.02) is shown with a black square in the top left corner. For Pr!>!1 see 
Methods and Supplementary Fig. 3. Note that here we use default values of ε and η. If their radial and scale variations are considered, the upper limits on 
the suppression factor may vary by a factor of few.
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Wavenumber times Kolmogorov microscale

In many cool cores, DNS simulations with Spitzer viscosity cannot 
describe power spectra of ICM fluctuations, however for robust 

conclusions k-range should be larger
Zhuravleva et al. 2019, in press



Uncertainties
No direct velocity measurements —> XRISM (2022), Athena, Lynx

Additional structures associated with low-entropy gas, cD and 
normal galaxies —> no significant changes

Choice of underlying model —> does not steepen the observed 
spectra, amplitude of fluctuations on mfp remains the same

Uncertainties on mfp, Kolmogorov microscale, etc —> a factor of 
a few on viscosity, the main conclusions remain unchanged
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Summary:
• Observations started probing mfp scale of the ICM

• Weakly-collisional, high-β plasma in galaxy clusters is 
inconsistent with hydrodynamic fluid with Spitzer transport 
coefficients

• Consistent with the presence of plasma instabilities that, by 
interacting with particles, increase the plasma collision rate, 
and/or with the establishment of a new type of turbulence in 
which motions adjust to be immune to the locally anisotropic 
plasma viscosity 

• If isotropic transport processes: effective Re is large in the bulk 
ICM, viscosity is suppressed at least by a factor of 10 
regardless of the level of thermal conduction

• Numerical simulations should use the lowest-possible viscosity


