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Outline 

!  Brief primer on cluster feedback 
!  Physics of cluster feedback still open question! 

!  How is the AGN-injected energy thermalized? 
!  How is the fueling of the AGN connected to cooling? 

!  Why do we care?  Each mechanism has very 
different scaling with temperature, density etc.  
Important for dependency with mass and cosmic 
time. 
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7/5/17 Hintze Lecture 3 

Read & Trentham (2005) 



7/5/17 4 Hintze Lecture 

Simionescu et al. (2011) 

Fabian et al. (2010) 



Physics of AGN heating 

!  AGN-driven stirring " turbulence " heat 
!  AGN-driven shocks/waves " heat 
!  AGN-cosmic rays " CR streaming " heat 

!  Galaxy motions " turbulence " heat 
!  Subcluster mergers " turbulence " heat 
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Hitomi Collaboration 
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Zhuravleva et al. (2014) 
Zhuravleva et al. (2014) 



Yang & Reynolds (2016) 
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Kinetic (particle in cell) simulation of thermal conduction 
in collisionless β=32 plasma. 



AXIS… 
!  Nearby prototypical cool-core clusters 

!  Temperature, metallicity and surface 
brightness maps with sub-arcsec fidelity 
across cluster core. 

!  Examine nature of fluctuations down to the 
electron mean-free-path… determine mixture 
of adiabatic, isothermal, isobaric perturbations 
(Arevalo, Churazov) 

!  Compare and contrast clusters of different 
temperatures. 
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Physics of AGN fueling 

!  Need to link AGN fueling rate to cooling 
!  Usual tale : 

!  Thermal instability " infalling cold gas " AGN 
!  Threshold for TI : tcool/tff<10 

!  But, must be more subtle. Linear theory… 
!  convective stability " thermal stability (Balbus) 
!  Condensation process must involve non-eqm or 

non-linear processes. 
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Hitomi Collaboration (2016) 



The rotating molecular disk 
IR Fe II,H2, Br γ lines (FWHM 380-1000km/sec ) adaptive optics 
spectra-  
narrower than optical 'broad' Hα line but consistent with 'narrow' 
Hα, – IR lines strongly concentrated around nucleus Scharwachter 
et al.2013 

200pc 

H2 (1-0) 2.122µm line 



Hα map 
(30” radius circle) 



AXIS... 
!  Connect properties of hot ICM and cooled 

(atomic/molecular) gas; trace influence of 
AGN on this connection 

!  Low-z 
!  Build on Chandra by directly probing cool gas 

through 6.4keV fluorescence 
!  High-z 

!  Synergy with ALMA to explore origin of cool 
and connection with AGN bubbles/shocks 



H1821+643 sits at center of a 
classical cooling-core cluster.  
ICM will be Compton-cooled 
by the QSO within radius of 
5kpc (Russell et al. 2010) 
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Deep (400ks) Suzaku observation of H1821+643 (Reynolds et al. 2014) 

Strength of narrow 6.4keV line " Iron abundance 40% solar 
Spectral curvature  " moderately ionized accretion disk 

   " (3-6)x109Msun BH @ 25-50% of Eddington 
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Conclusions 

!  AXIS probes thermodynamics down to 
fundamental scales (e- mfp) in hot clusters  
" AGN heating physics 

!  AXIS probes connection of hot ICM and 
cooling/cold gas on scales down to 
(below?) SMBH Bondi radius. 
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Particle in cell simulations of “thermal conduction” in 
collisionless β=32 plasma 

Pressure 

Bz 

Heat flux 
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Amplitude of fluctuations

Athena
XRS

0.89 0.923 0.956 0.989 1.02 1.06 1.09 1.12 1.16 1.19 1.22

Athena XRS

Conclusions:
- Limited resolution of simulations produces high-

k tail in case of XRS (the peak is at ~ pixel size, 
the peak distorts spectrum down to smaller k - 
this is artifact of the Mexican-hat filter used for 
calculations of the power spectrum).

- Resolution effect is less prominent in the case of  
Athena, since Athena resolution partially smears 
grid effects.

- Athena PSF affects scales ~ 10 kpc 
(comparable or even larger than the width of 
ripples in the Perseus cluster). With 50 ks 
exposure scales > 5 kpc are dominated by 
Poisson noise

- XRS can in principle measure fluctuations ~ 1 
kpc size, but it is difficult to show with current 
situations. With 50 ks exposure scales > 2 kpc 
are dominated by noise.

- XRS will probe microphysics on scales that 
Athena cannot reach (or even current numerical 
simulations).

Irina Zhuravleva 


