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Amplitude I: line broadening and shift

Amplitude II: resonant scattering

5 keV gas 1 keV gas

5 keV gas 1 keV gas

RGS measurements:
Sanders+10,11,13; Bulbul+12;
Pinto+15

Gilfanov+87, Churazov+10;

RGS measurements:
e.g. Xu+02; Kahn+03; Werner+09; de 
Plaa+12

Chandra and XMM measurements:
e.g. Molendi+98; Akimoto+99; 
Churazov+04; Sanders+04; 
Gastaldello+04; Zhuravleva+13

Amplitude III: mixture modeling Shang & Oh12



cluster in HE: V=0 disturbed cluster: V≠0

δρ —> V?

Indirect constraints of velocity amplitude as a 
function of spatial scale



How do density perturbations scale 
with the velocity field?

homogeneous box

stratified atmosphere

δρ∝M2
Bernoulli's principle
(solenoidal motions)

?



Stratified turbulence

NBV
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slow perturbations, ω<<NBV => g-modes => stratified turbulence
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Turbulent eddy at injection scale L :

Δr
L

≈ ω
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V = NBV �r
gravity provides V - Δr relation

V? = L! ⇠ V

“⊥” direction “r” direction

“pancake” turbulence

on large scales V is dominated by V⊥
Waite & Bartello 2006



Gas displacement and density contrast
S(r)

r

slow displacement 
Sb=const
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gas in pressure equilibrium 
Pb=P
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Pb=Sbρbᵞ
P=(Sb+δS)ρᵞ
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entropy gradient gives δρ - Δr relation
entropy scale height



�⇢

⇢
=

1

�

�r

Hs
V = NBV �r

NBV =
cs

�
p

HsHp

�⇢

⇢
= ⌘

V

cs
⌘ =

r
Hp

Hs
⇠ 1

Buoyancy-dominated regime of motions

valid on large, buoyancy-dominated scales

entropy gradient: gravity:

on small scales:  
the relation retains since density is a passive scalar  

(Obukhov 49; Corrsin 51)



Verifying the coefficient η
AMR cosmological simulations, NR runs, relaxed clusters 

Kravtsov+99;03; Nagai+07a; Nelson+14

⌘ = 1± 0.3

V

ρ

sample averaged

Zhuravleva+2014a

hydro simulations: η ~1 w/o conduction
Gaspari+2014



Velocity power spectrum in the Perseus cluster

0.5-3.5 keV
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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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
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• V higher towards center —> power injection from center
• larger V on smaller k —> consistent with cascade turbulence
• 70 km/s < V1,k < 200 km/s on scales 6-30 kpc

400 kpc

Zhuravleva+15a



Turbulent dissipation in AGN feedback

Perseus cluster 
Virgo cluster

H(k) = CH⇢V 3
1,kk

C = neni⇤n(T )
cooling rate:

heating rate:

locally: cooling ~ heating

AGN —> Bubbles —> g-modes—> Turbulent dissipation —> Heat
Zhuravleva+14b



Types of fluctuations
�T

T
= (� � 1)

�n

n

𝛾=0: isobaric
slow displaced gas

𝛾=5/3: adiabatic
weak shocks
sound waves

𝛾=1: isothermal
bubbles

soft band: density

hard band:
T-dependent

“effective” equation of state:

in preparation



Response of two bands to 
different types of perturbations

if mixture of processes:
P=𝛼1Padiab. + 𝛼2Pisob. + 𝛼3 Pisoth.                            (𝛼12+𝛼22+𝛼32)1/2=1

in preparation



• dominated by isobaric fluctuations
• consistent with slow displacement of gas: 

sloshing, turbulence, g-modes

Zhuravleva+15b in prep.; Arevalo+15 in prep.; Churazov+15 in prep.

Nature of ripples in the Perseus cluster
sound waves  or  stratified turbulence?

(Fabian+03; Sanders+07) (Zhuravleva+14; 15)

in preparation



Indirect constraints of velocity power spectrum

• cross-spectrum analysis —> fraction of isobraic fluctuations 

• spectrum of density fluctuations —> velocity spectrum 

• calibrate with Astro-H direct measurements 



Observed σ and structure function

SF(�r) = h(V (r)� V (r +�r))2i

At a given R an interval Leff ~ R 
contributes to the line flux (width)

Observed σ(R) ≈ structure function (Leff)
Zhuravleva+12
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R1

R2

σ; V

RMS(V(R))
σ(R) kinj

RMS of centroid shift and injection scale

large scale motions

small scale motions

Zhuravleva+12

cosmic variance is the main 
source of uncertainties



V(x,y) and power spectrum of  V3D

for Coma-like clusters 
(flat surface brightness)                    

P2D(k) ⇡ P3D(k)

Z
PEM(kz, x, y)dkz

! V (x, y) ! P2D(k)

P2D(k) ! P3D(k)

(k >> 1/Leff )

Zhuravleva+12

for detailed analysis of Coma structure function see ZuHone+15



“cosmic variance” of  turbulence

small scale motions dominate large scale motions dominate

σ(R) ≈ constant 
small cosmic variance

cosmic variance dominate 
mapping will decrease the variance

Zhuravleva+12; ZuHone+15

First things to do:
1. take two pointings (central and at distance r)
2. measure σ and RMS(V) using these two observations
3.  ratio RMS(V)/σ will show whether motions are dominated by large or small scales



Direct constraints of velocity amplitude(scale) 
with Astro-H

• injection scale: possible 

• dissipation scale: impossible                                            
(unless it is impossibly large) 

• distinguish between different slopes: impossible                                                              
(unless they differ from physically motivated models) 

• cosmic variance



Summary
• relaxed clusters 
• subsonic motions 
• simplest approach

V measurements on different scales: 
• Perseus: 70 km/s < V1,k < 200 km/s on 6 - 30 kpc (within ~ 200 kpc) 
• Virgo: 40 km/s < V1,k < 90 km/s on 2 - 10 kpc (within ~40 kpc)

AGN-feedback: 
• turbulence dissipation is sufficient to offset cooling locally at each r 
• AGN —> Bubbles —> g-modes—>Turbulent dissipation —> Heat

Nature of fluctuations in Perseus:  
dominated by isobaric fluctuations (turbulence, sloshing, g-modes)

Astro-H (end 2015), Athena (2028), Smart-X (?): 
• direct measurements (amplitude, anisotropy, scales) 
• verification of the linear relation, importance of microphysics
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