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The	basic	of	cluster	cosmology

2Springel	et	al.	2005	

Press	&	Schechter	1974	
Sheth	&	Tormen	1999	
Jenkins	et	al.	2001	
Tinker	et	al.	2008	
…



A	tension?
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Planck	collaboration	2015	XXIV



Dynamical	mass	vs.	lensing	mass
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Viola et al. 2015



Dynamical	mass	vs.	lensing	mass
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Acceleration	at	the	outskirt
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The	Jeans	equation
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evolution	of			
mean	velocity

gradient	of		
pressure	tensor

gradient	of		
potential

CBE:
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Cai,	Kaiser	&	Cole	2017,	in	prep.

• Mass	bias	up	to	a	factor	of	1.5-2	at	1-2	r200

true	mass

estimated	mass



The	Jeans	equation

10

M(< r) = �F1r
2@j(nhvivji)/(nG)



The	evolution	of	infall
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Cai,	Kaiser	&	Cole	2017,	in	prep.

M(< r) = �F1r
2@j(nhvivji)/(nG)
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• Mass	infall	can	not	fully	account	for	the	bias

M(< r) = �F1r
2@j(nhvivji)/(nG)



• Individual	clusters	are	not	spherical	symmetric	,	but	
the	average	from	stacking	large	number	of	clusters	
should	be	symmetric

Individual	halo	 stacked	sample	
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Spherical	symmetry
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Springel	et	al.	(2005)	

Static	centre



The	extended	Jeans	equation
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evolution	of			
mean	velocity

gradient	of		
pressure	tensor

gradient	of		
potential

acceleration		
of	the	centre

M(< r) = �F1F2r
2@j(nhvivji)/(nG)
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Cai,	Kaiser	&	Cole	2017,	in	prep.

M(< r) = �F1F2r
2@j(nhvivji)/(nG)

true	mass

estimated	mass

estimated	mass		
(corrected)
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M(< r) = �F1F2r
2@j(nhvivji)/(nG)

The	corrected	mass	estimator



Summery	so	far

• The	conventional	Jeans	equation	is	biased	
because:	

• static	assumption:	no	bulk	acceleration		
• spherical	symmetry	assumption
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Further	implications	—		
Gravitational	redshift	from	stacked	clusters
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Gravitational	Redshift:



The	observed	redshift

To	the	lowest	order	of	the	potential	and	peculiar	velocity

In	the	weak	field	limit	in	GR	
!

galaxy

cluster	centre	
							(BCG)

Stacking	to	beat	velocity	dispersion



Wojtak,	Hansen	&	Hjorth,	2011

Wojtak,	Hansen	&	Hjorth,	2011
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Mass	weighting

Equal	weighting

Cai	et	al.	2017	MNRAS.468.1981C



Mass	weighting

Equal	weighting

Cai	et	al.	2017,	arXiv:1609.04864



Mass	weighting

Equal	weighting

Cai	et	al.	2017	MNRAS.468.1981C



real	space	vs.	v-space



Cluster-mass	correlation	function

space v	space +	v	

Real	space

v	space

observed



stationary	observer	relative	to	the		
cluster	centre	in	conformal	coordinates

Galaxy	moves:	the	trajectory	of	a	galaxy galaxy

cluster	centre

Redshift	in	the	past	light	cone
Photons	emitted	at	time									and	at							are	received	at	the	same	time	

Conformal	time	interval

The	Universe	expand:	expand	off	the	redshift	around		



Observed

Observed	without	
sample	variance,	with	
light	cone	effect

Real	space

v	space

The	observed	potential	profile

Cai	et	al.	2017	MNRAS.468.1981C
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Summary

• Biases	for	modelling	gravitational	redshift:	
				(1)	spherical	symmetry	assumption	
				(2)	peculiar	velocity	
				(3)	past	light	cone	effects



Thank	you!
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