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Large Scale Motion in Clusters

Credit: Volkar Springel, Virgo Consortium

• Clusters are dynamic and 
evolving objects

• Fed by accretion along the 
filament connecting clusters

• Accretion generates large scale 
motion and turbulence in 
cluster outskirts  

• Turbulence à non-thermal 
pressure support at cluster 
outskirts



Etienne Pointecouteau, XMM-Newton Next Decade, May 11th 2016
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Hot gas represents 85% of the baryons content of clusters of galaxies
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Measurements of Velocity Field
with SZ and X-rays

X-raysSZ Effect

Indirect Detection: Density and Pressure Fluctuations à ATHENA WFI 
and SZ Observations 

Direct Detection: Line Shifts, Shapes, and Broadening à ATHENA XIFU
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Current and Future SZ and X-ray Observatories

SPT
960 detectors SPT-Pol

1600 detectors
SPT-3G
15200 detectors CMB-S4

500,000 
detectors

R&D for CMB-S4

50th Fermilab Users Meeting | Fermilab Detector R&D16

R&D	needed	in	the	
following	areas:
• TES	detectors:	develop	broader	

range	of	properties	to	cover	
likely	CMB-S4	needs

• µm-wave	antenna	coupling:	
develop	lenslet and	horn-
coupled	technologies

• Microwave	simulations
• Microstrip materials:	

superconducting	resonators
• MKIDs:	potential	alternative	to	

TES	detectors
• Readout	electronics

B.	Benson
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Indirect Detection

• Imaging 
• Density, pressure fluctuations à

normalization of the velocity 
spectrum

• Dissipation scale of the turbulent 
cascade  à the effective 
“viscosity” of the ICM
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Figure 9. Characteristics of the velocity field along the x-axis of the inviscid simulation. Upper panels: slices through the x–y-plane at z=0, of temperature (left) and
the x-component of the velocity (right). Black lines indicate the center and edges of the elliptical cylinders corresponding to the regions in Figure 2. Middle panels:
phase-space plots showing the fraction of emission as a function of position and velocity within the cylinder. The black line indicates the emission-weighted average
value. Lower panels: effect of plasma motion on a “toy” He-like iron line for the emission within the regions.
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• High resolution spectroscopy 
• Velocity Broadening à

turbulence
• Line shifts àline of sight 

velocities over the face of a 
cluster 

• Line shapes à size and 
number of Eddies along the 
line of sight



First Direct Measurements with Hitomi

Hitomi+2016,2018
ZuHone+2018
Bulbul+2012,
Sanders+13,
Pinto+15

• First direct measurement velocity 
broadening and line shifts from 
200ks observations of the Perseus 
cluster

• Velocity dispersionà ~ 220 km s−1

• Bulk velocityà -70 to +70km s-1 

• Line shapesà No significant 
departures from Gaussianity

Line Shifts

Line Broadening

Fig. 6. Left: PSF corrected bulk velocity (vbulk) map with respect to z = 0.017284 (heliocentric correction applied). Right: PSF corrected LOS velocity

dispersion (σv ) map. The unit of the values is km s−1. The Chandra X-ray contours are overlaid.

Fig. 7. Same as figure 6, but PSF correction is not applied.

AGN paper), after convolution with the point source ARFs. The velocity width and redshift of each

plasma model were fixed to 160 km s−1 and 0.017284 respectively. The obtained C-statistic/d.o.f.

(degree of freedom) in the continuum fitting is 63146.77/68003. Detailed description of the measure-

ment of the continuum parameters are shown in AGN paper and T paper.

After determining the self-consistent parameter set of the continuum as mentioned above, we

again fitted all the spectra simultaneously to obtain the parameters associated with spectral lines.

This time, the temperatures and normalizations were fixed to the above obtained values, and the

Fe abundance, the LOS velocity dispersion and the redshift were allowed to vary. The fitting was

done using a narrow energy range of 6.4–6.7 keV, excluding the energy band corresponding to the

resonance line in the observer-frame (6.575–6.6 keV). The obtained C-statistic/d.o.f. in the velocity

fitting is 2822.38/2896.
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First indirect Measurements8 Khatri & Gaspari

Figure 11. Amplitude spectrum of pressure fluctuations for varying extraction radius ✓max (LIL maps), for Planck and Chandra data (violet; Gaspari &
Churazov 2013). This key plot shows that large radii have significantly larger perturbations, and thus stronger turbulence motions (Ma3d & 0.8), consistently
with cosmological mergers and inflows. The injection scale is constrained to be at ⇡ 500 kpc, given the decline of amplitude at small k. The power spectrum
labeled “-NGC4839 60’ ” is obtained by masking 15’ radius region with 15’ apodization centered on the NGC 4839 group of galaxies. Note that the Chandra

power spectrum is calculated in box of half-size 7’ which is below the Planck resolution. The half-size of the box at the Coma distance is ⇠ 200 kpc which
coincides with the peak in the X-ray derived power spectrum. The SZ and X-ray data thus probe mutually exclusive di↵erent regions of the cluster (outer and
inner part, respectively). Extrapolating the Chandra inertial range (cyan band) shows the 2 datasets are consistent within errors in the inner extraction region.

the X-ray extraction region of 7’. This fact combined with our SZ
map resolution of 10’ means we are probing di↵erent regions of the
Coma cluster in SZ and X-rays. In the smallest disc we have also
non-negligible contribution from contamination. The amplitude is
however still consistent with � A⇢ within 2-�, where A⇢ is the 3-
d amplitude of power spectrum of density fluctuations �⇢/⇢̄ from
Chandra, and � = 5/3 is the adiabatic index (§3.1 for the discus-
sion). We point out that the decrease in the large scale power in
X-ray data is an artifact of approaching the limited box size. This
becomes clear when we compare the Chandra and XMM data in
Churazov et al. (2012) (their Fig. 13). The XMM box size is 12’
and the downturn in power spectrum happens at larger scales in
the XMM data compared with the Chandra data. There is also dis-
crepancy on large scales between the XMM and Chandra pointing
to systematic e↵ects related to the box size (see Fig. 14 in Chura-
zov et al. 2012). E.g., above 300 kpc, Churazov et al. (2012; sec-
tion 5.1) claim a factor of 2 uncertainty in systematic errors. If we
extrapolate our amplitude to the core size of 7’ probed by X-ray
observations, the agreement between the X-ray and SZ improves.
Similarly, if we extrapolate the X-ray cascade to several 100 kpc
scale, the inertial range joins the SZ green and red points within
errorbars (cyan band). Keeping in mind the discussed uncertainties
and the fact we are probing di↵erent extraction regions of the clus-
ter, the SZ results are consistent with the X-ray data.

The 60’ radius region includes the group of galaxies NGC
4839 which is falling into the Coma cluster (Briel et al. 1992; Neu-
mann et al. 2001). This group is marked with a white circle in Fig.
4 and shows up as a bright spot in the normalized fluctuations. To
estimate the contribution of this group to the fluctuation signal, we
mask 15’ radius region around the hot spot (which coincides with
the X-ray source in ROSAT all sky survey; Briel et al. 1992). In
addition we apodize the combined mask for the 60’ region analysis

with 15’ Gaussian as explained above, down-weighting the contri-
bution from extended 15’-30’ radius region around the group. Com-
parison of the two 60’ power spectra – with and without masking
the group – shows that the contribution from the group is small, de-
creasing the amplitude at large scales by 20 - 30 percent. We note
that the group lies outside the 30’ radius and, taking into account
the fact that we extend our masks by apodization, it does not con-
tribute to the fluctuations calculated in the 40’ and smaller radius
regions. It should also be noted that the hot plasma is volume filling
within the cluster and internal groups. So cutting regions of the sky
will inevitably also remove some turbulence perturbations intrinsic
to Coma.

To test whether we are seeing actual anisotropies from Coma
or the contamination from non-Coma background SZ or fore-
grounds, we again use our test regions. We compare the test regions
in LIL and NILC maps with the Coma region in LIL, NILC and
MILCA maps in Fig. 12 for ✓max = 600, 300, 200, 150. We plot A

2
k

in
these plots since when we are dominated by noise in the test regions
the cross spectrum between the two half-ring maps can take nega-
tive values. We see that in Fig. 12 (top) we can attribute all signal
measured in the Coma region to the anisotropies in the Coma clus-
ter except in the last bin where the contamination may have a sub-
dominant contribution. Note that as we take the cross-spectrum, the
noise cancels out in the mean signal but still contributes to the er-
ror bars, which are thus increasing toward the resolution limit. For
our smallest disc with radius ✓max = 150 (Fig. 12, bottom) we can
measure only the smallest scales and here our measured power in
Coma is of similar magnitude as the test regions. The NILC map
test regions have however smaller contamination, while the signal
in NILC is consistent with that in the LIL and MILCA maps. We
therefore have evidence of pressure fluctuations even in the central

MNRAS 000, 000–000 (0000)

See also Zhuravleva+2013,2014

Planck 
Observations

• Coma Center: density 
Fluctuations in the order of ~5-10% 
in the cores (Churazov+2012)

• Coma Outskirts: δP/P = 33 ± 12% 
and 74 ± 19%  at15′ and 40′ away 
from the core (Khatri & Gaspari
2016)

• 3D Mach number of  0.8 ± 0.3 
• Extend this study with higher 

resolution SZ telescopes 



Hydrodynamical Simulations of a Coma-Like 
Cluster

Hydrodynamical Simulations of a 
cluster at z=0.1

• Hydrodynamical simulations of a 
Cluster at z=0.1

• Mock Athena WFI and XIFU 
Observations out to R200

• Exposure Time 100ks with SIXTE
• R200 = 16 arcmin
• M200  = 6 x 1014 Msun

• Work in Progress!

R200

R500

WFI

XIFU

N

E



Direct Measurements with ATHENA XIFU

R200
• ATHENA XIFU will be the 

most sensitive instrument to 
determine turbulence and 
bulk motion from cluster 
cores out to large radii over 
a large range of redshifts

• Initial estimates ✓
• See also Roncarelli+2018

R500

kT = 9 keV

kT = 6 keV

kT = 2.7 keV

N

E



• Vturb = 160 ± 10 km s-1

• Vbulk = -17 ± 4 km s-1

• Line  broadening and  shift is 

significantly detected

• In the central region 

significant detection of the 

line broadening and shift

Fe-K

Model
Data
Instrumental Bkg

Direct Measurements with ATHENA XIFU



R500

Fe-K

• Region:  R2500< R < R500

• Vturb = 170 ± 20 km s-1

• Vbulk à no significant 

detection (due to the 

geometry of the source)

• Line  broadening is 

significantly detected!

Model
Data
Instrumental Bkg

Direct Measurements with ATHENA XIFU



R200

R500 • In the outskirts between R500 

and R200:
• Spectra becomes noise 

dominated
• Vturb = 110 ± 60 km s-1

• Vbulk à no significant 
detection 

• Line  broadening is 
detected with 2!

Model
Data
Instrumental Bkg

Direct Measurements with ATHENA XIFU                   



Mock ATHENA WFI Observations

Preliminary

R200

R500

• Dithered WFI Observations for 100ks
• Large FOV covers the entire cluster 

out to R200

• Obtained exposure maps, surface 
brightness profile, and performed 
fluctuation analysis

• P2D  à P3D à A3D



Fluctuation Analysis with ATHENA WFI 
• Work in progress!
• Convolve y-maps with SPT 

beam size and noise

• Calculate Mach Number, 
hydrostatic bias

• Repeat the analysis for a 
few relaxed clusters
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Summary

• A pathfinder study of the SPT selected 
clusters with  XMM+Chandra and SPT 
observations is underway!

• Combined ATHENA XIFU and WFI and 
SZ observations are essential for 
complete understanding of ICM 
thermodynamics

• Potential observing Strategy: Find 
interesting systems with WFI +SZ and 
follow-up with XIFU 


