
Diffuse	hot	gas	in	galaxy	clusters	at		
high	spa4al	and	spectral	resolu4on	

E.Churazov	(MPA,	IKI)	

P.Arevalo,	W.	Forman,	C.	Jones,	A.Schekochihin,		
A.Vikhlinin,	I.Zhuravleva	



Diffuse	Hot	Gas	in	Galaxy	Clusters		
at	High	Spa4al	and	Spectral	Resolu4on	

1.   Measure	velocity	power	spectrum	
2.   Go	to	scales	smaller	than	mean-free-path	
3.   Measure	total	mass	of	cold	gas	in	cluster	cores	



Measurements	 Implica4ons	for	…	

Velocity	Power	Spectrum	 Mass	correc4on,	gas	hea4ng	

Velocity	&	X-ray	SB	Power	Spectra	 Conduc4on,	V	–	δρ	rela4on	

X-ray	SB	Power	Cross-Spectra	in	2	bands	 Nature	of	perturba4ons	(e.g.,	sound	waves	
vs	solenoidal	turbulence	vs	bubbles)	

Anisotropy	of	velocity	power	spectra	 Nature	of	perturba4ons	

+	(high-res)	SZ	maps	and	power	spectra		 Nature	of	perturba4ons	

Power	spectrum	of	metalicity	varia4ons		 Turbulence,	diffusivity	of	(heavy)	ions	

Scales	smaller	than	mean	free	path	 Plasma	physics	

+	Faraday	Rota4on	Measure	Spectra	(B*ne)	 Plasma	physics	

Mass	of	the	cold	gas	 Gas	cooling,	AGN	Feedback	



Fourier	Projec4on-Slice	Theorem	
In	 N	 dimensions,	 the	 projec4on-slice	 theorem	 states	 that	 the	 Fourier	 transform	 of	 the	
projec4on	of	an	N-dimensional	func4on	f(r)	onto	an	m-dimensional	 linear	submanifold	 is	
equal	 to	an	m-dimensional	 slice	of	 the	N-dimensional	Fourier	 transform	of	 that	 func4on	
consis4ng	of	an	m-dimensional	linear	submanifold	through	the	origin	in	the	Fourier	space	
which	is	parallel	to	the	projec4on	submanifold.	

Î (kx,ky ) = F̂(kx,ky, 0)

P2D (k) =C ×P3D (k)

Î (kx,ky ) = ei2πkxx+i2πkyy dx dy F(x, y, z)dz∫∫∫ = F̂(kx,ky,kz = 0)
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Reconstruc4ng	3D	power	spectrum	from	2D	spectrum	
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PSF	impact	





Calorimeter		è Velocity	

Imager	è Density	



Coma	cluster;	mean	free	path	





Scaling	from	Chandra	to	X-ray	Surveyor	
(density	power	spectrum)	

1)  Unresolved	background	AGN		
2)  PSF	over	FoV	
3)  Poission	noise	->	1/50	



Rela4on	between	density	and	velocity	power	spectra	

Entropy	(and	metalicity)	gradients	make	gas	mo4ons	visible			



Scaling	of	density	perturba4on	with	velocity	
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Velocity	power	spectra	in	Perseus	and	M87	

Zhuravleva+,	2014	
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(Formal)	1σ	uncertainty	on	velocity	and	broadening	



Uncertainty	in	measuring	the	velocity	field	

Error	in	one	pixel	
Total	number	of	pixels	

σ I ≈
1

Ncounts

σ v/cs ≈ 4
1

Ncounts



Hα;	104K,		Conselice+	

CII;	100K;	Mihal+	

CO;	10K;	Salome+	

H2;	2000	K;	Hatch+	

Lots	of	cold	gas		
Conversion	to	mass	is	uncertain	



SoW	X-ray	emission	

Chandra	 HST	 Fabian	et	al.	

SoW	LX	<	LOpt	



Can	we	use	X-rays	to	measure	total	mass	of	cold	gas?	

F6.4keV ∝MgasZFeY6.4 IX (E)σ ph (E)dE
7.1 keV
∫

Hα;	104K,		Conselice+	

Iron	fluorescent	emission	from	cold	gas	exposed	to	known	radia4on	field	=>	Gas	mass	

EC	et	al.,	1998	



Expected	spectrum	integrated	over	central	region	(Perseus	cluster)	



Conclusions	

Power	spectra	of	density	fluctua4ons	can	be	measured	down	to	few	”	
Velocity	spectrum	can	be	measured	down	to	scales	~3	4mes	larger	
	
Marginally	resolved	mean	free	path	(in	veloci4es).		
Signs	of	the	spectrum	steepening	should	be	present	at	scales	larger	than	m.f.p.		
	
Depends	on	the	calibra4on	of	gain	(of	pixels)	and	uniformity	of	QE	
	
The	mass	of	the	cold	gas	(at	any	T,	even	if	it	not	visible)	can	be	measured	
via	fluorescent	iron	line	at	6.4	keV	
	
	


