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Outline

• Cosmology with clusters of galaxies
– Introduction to cosmology with clusters
– Measuring cluster mass
– Cluster structure: understanding systematics

• Cluster structure in simulations
– Projection
– Mass scaling relations and hydrostatic equilibrium

➡  Correcting mass estimates based on structure
– Comparison to observations



 Borgani &
 Guzzo 2001

ΛCDM

SCDM

Cosmology with Clusters
• Represent highest density initial perturbations.

• Constrain cosmological parameters from the evolution in 
cluster number density and cluster baryon fraction.



➡ Need to add up the number of clusters of a given mass 
versus redshift.

Dependence of Cluster Density on 
Cosmology

Rosati et al. 2002



➡ Apparent gas mass fraction depends on the assumed 
distance of the cluster.

Dependence of Gas Mass Fraction 
on Cosmology

Allen et al. 2007

8 S. W. Allen et al.
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Figure 2. The apparent variation of the X-ray gas mass fraction measured within r2500 as a function of redshift for the (left-hand panel) reference !CDM
and (right-hand panel) reference SCDM ("m = 1.0, "! = 0.0, h = 0.5) cosmologies. The plotted error bars are statistical rms 1σ uncertainties. The global,
absolute normalization of the fgas value should be regarded as uncertain at the ∼10–15 per cent level due to systematic uncertainties in instrument calibration,
modelling and the level of non-thermal pressure support (Section 4.2).
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Figure 3. The X-ray gas mass fraction as a function of mass-weighted
temperature measured within r2500 for the reference !CDM cosmology. The
dotted line shows the best-fitting power-law model which provides a good
description of the data (χ2 =43.5 for 40 degrees of freedom) and is consistent
with a constant value (slope α = 0.005 ± 0.058). The solid lines shows the
2σ limits on the slopes allowed by the data. The figure demonstrates that
fgas is essentially independent of temperature for the massive, dynamically
relaxed clusters in the present sample.

on average, ∼6 per cent higher than those reported here, for the
systems in common.

Pointecouteau et al. (2004) present an analysis of XMM–Newton
data for Abell 478, for which they measure an fgas value at r2500 of
0.13 ± 0.02, in good agreement with this work. These authors also
report a value of 0.11 for Abell 1413, based on the data of Pratt &
Arnaud (2002), which is consistent with the results reported here.

Vikhlinin et al. (2006) present fgas measurements for 13 clusters of
which six are in common with this study. On average, the Vikhlinin
et al. (2006) fgas results are ∼10 per cent lower than those reported

here after correcting their values to the same reference !CDM
cosmology.

We note that the statistical uncertainties on the fgas measurements
listed in Table 3 are, typically, larger than those reported by other
authors. Two contributing factors to this difference are: (1) that the
present analysis does not impose strong priors on the shapes of
the temperature and density profiles in the clusters through the use
of parametric models (the use of such parameterizations can lead
to spuriously tight constraints in cases where they do not provide
an adequate description of the data); and (2) the fgas measurement
errors reported here are marginalized over the uncertainties in all
other parameters, including the uncertainties in r2500.

4 C O S M O L O G I C A L A NA LY S I S

4.1 Markov Chain Monte Carlo method

Our determination of cosmological parameters uses an MCMC
method. We employ a modified version of the COSMOMC code4

of Lewis & Bridle (2002; see Rapetti, Allen & Weller 2005;
Rapetti et al. 2007 for details of the enhancements), which uses a
Metropolis–Hastings MCMC algorithm to explore parameter space.
We run the code on four to 16 processors simultaneously, creating
multiple chains and using the message passing interface to dynam-
ically update the proposal matrix based on the covariance of post-
burn-in samples. This leads to a much faster convergence than would
be obtained from a single chain run on a single compute node.

Convergence is assessed using the Gelman–Rubin criterion
(Gelman & Rubin 1992). Convergence is deemed acceptable when
the ratio of between-chain to mean-chain variances, R, satisfies
R − 1 < 0.1. (We have also visually compared individual chains
to ensure that consistent final results were obtained.) In general, our
combined chains typically have lengths of at least 105 samples and
have R − 1 # 0.1. (For the evolving-w models, R − 1 ∼ 0.1.) Con-
servative burn-in periods of at least 10 000 samples were allowed
for each chain.

4 http://cosmologist.info/cosmomc/.
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Comparison to Other Constraints

Allen et al. 2007 Mantz et al. 2007



Cluster Observations

• Optical
 observe galaxies (~2% of mass)

  velocity dispersion, richness → M
  projection, large number of galaxies

• X-ray
  thermal bremsstrahlung from hot gas

(~12% of mass)
  Lx, Tx → M

hydrostatic equilibrium, spherical
        flux limited samples, probes potential



Cluster Observations

• Lensing
distortion of background galaxies

(strong or weak)
probes mass along the line of sight
sensitive to projection, low resolution

• Sunyaev-Zeldovich Effect
 inverse Compton scattering of CMB off 

hot gas
Y ∝ Mgas T → M

hydro. equil., low resolution, projection?
roughly independent of z



Systematics
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Our ability to constrain cosmology is directly related to the 
accuracy with which we can estimate cluster mass.

–  Cluster mergers: deviation from equilibrium and sphericity
–  Gas physics: cooling, star formation, AGN feedback
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%;.0+$).(!-(3!)(!$'%!-,$/.(.2)&-0!90+A!&-0):/-$).(6!!!

36 7'%!WL!$%&'()*+%!),!-0,.!-(!%2%/<)(<!$%&'()*+%6!!>$,!%;%($+-0!-&&+/-&1!

8)00!-0,.!:%!0)2)$%3!:1!,1,$%2-$)&!%//./,!$'-$!-/%!3)99)&+0$!$.!5/%3)&$6!!If!$'%!

,1,$%2-$)&!%//./,!-/%!-$!./!:%0.8!$'%!0%;%0!-,,%/$%3!:1!$'%!5/.5.(%($,?!)$!),!

0)=%01!$.!:%!$'%!2.,$!5.8%/9+0!)(3);)3+-0!E$-<%4>F!$%&'()*+%!-(3!-0,.!$'%!

2.,$!5.8%/9+0!&.25.(%($!)(!-!2+0$)4$%&'()*+%!5/.</-26!

!

G6 H!5/.</-2!$'-$!)(&0+3%,!2+0$)50%!$%&'()*+%,!-$!E$-<%!>F!&-(!5/.;)3%!-(!./3%/!.9!

2-<()$+3%!)(&/%-,%!)(!$'%!BC7D!9)<+/%!.9!2%/)$6!!7'),!8.+03!:%!-!2-I./!-3;-(&%!

)(!.+/!+(3%/,$-(3)(<!.9!3-/=!%(%/<16!!H!5/.</-2!$'-$!)(&0+3%,!2+0$)50%!$%&'()*+%,!

-$!E$-<%!>>>!&-(!5/.;)3%!-!9-&$./!.9!$'/%%!)(&/%-,%!)(!$'%!BC7D!9)<+/%!.9!2%/)$6!!

7'),!8.+03!:%!-!;-0+-:0%!-3;-(&%!)(!.+/!+(3%/,$-(3)(<!.9!3-/=!%(%/<16!!>(!$'%!

-:,%(&%!.9!-!5%/,+-,);%!$'%./%$)&-0!%A50-(-$).(!9./!3-/=!%(%/<1?!8%!2+,$!:%!

<+)3%3!:1!%;%/!2./%!5/%&),%!.:,%/;-$).(,6!!

!

J6 K%!9)(3!$'-$!(.!,)(<0%!.:,%/;-$).(-0!$%&'()*+%!),!,+99)&)%($01!5.8%/9+0!-(3!8%00!

%,$-:0),'%3!$'-$!)$!),!<+-/-($%%3!$.!-&')%;%!:1!)$,%09!-(!./3%/!.9!2-<()$+3%!

)(&/%-,%!)(!$'%!BC7D!9)<+/%!.9!2%/)$6!!L.2:)(-$).(,!.9!$'%!5/)(&)5-0!$%&'()*+%,!

'-;%!,+:,$-($)-001!2./%!,$-$),$)&-0!5.8%/?!2+&'!</%-$%/!-:)0)$1!$.!3),&/)2)(-$%!

-2.(<!3-/=!%(%/<1!2.3%0,?!-(3!2./%!/.:+,$(%,,!$.!,1,$%2-$)&!%//./,!$'-(!-(1!

,)(<0%!$%&'()*+%6!7'%!&-,%!9./!2+0$)50%!$%&'()*+%,!),!,+55./$%3!-,!8%00!:1!$'%!

&/)$)&-0!(%%3!9./!&.(9)/2-$).(!.9!/%,+0$,!9/.2!-(1!,)(<0%!2%$'.36!!M7'%!/%,+0$,!9./!

;-/).+,!2.3%0!&.2:)(-$).(,!&-(!:%!9.+(3!-$!$'%!%(3!.9!E%&$).(!>N6O!

!

!

=

Our ability to constrain cosmology is directly related to the 
accuracy with which we can estimate cluster mass.

–  Cluster mergers: deviation from equilibrium and sphericity
–  Gas physics: cooling, star formation, AGN feedback



Systematics

 

! ""

IV.!Findings of the Dark-Energy Task Force 
!

!

"# $%&'!%()*'+,-.%/,0!-*12/.3&*)!4%5./,-*!-2*!62.-*!7,8*')!'*1*.+*4!(9!-2*!-,):!

;%'1*#!!</!,082,(*-.1,0!%'4*'=!

,# Baryon Acoustic Oscillations (BAO)!,'*!%()*'+*4!./!0,'>*?)1,0*!)&'+*9)!

%;!-2*!)8,-.,0!4.)-'.(&-.%/!%;!>,0,@.*)#!!A2*!BCD!-*12/.3&*!.)!)*/).-.+*!-%!

4,':!*/*'>9!-2'%&>2!.-)!*;;*1-!%/!-2*!,/>&0,'?4.,5*-*'!4.)-,/1*!+)#!'*4)2.;-!

'*0,-.%/!,/4!-2'%&>2!.-)!*;;*1-!%/!-2*!-.5*!*+%0&-.%/!%;!-2*!*@8,/).%/!',-*# !

(# Galaxy Cluster (CL)!)&'+*9)!5*,)&'*!-2*!)8,-.,0!4*/).-9!,/4!4.)-'.(&-.%/!

%;!>,0,@9!10&)-*')#!!A2*!EF!-*12/.3&*!.)!)*/).-.+*!-%!4,':!*/*'>9!-2'%&>2!

.-)!*;;*1-!%/!,!1%5(./,-.%/!%;!-2*!,/>&0,'?4.,5*-*'!4.)-,/1*!+)#!'*4)2.;-!

'*0,-.%/G!-2*!-.5*!*+%0&-.%/!%;!-2*!*@8,/).%/!',-*G!,/4!-2*!>'%H-2!',-*!%;!

)-'&1-&'*#!!

1# Supernova (SN)!)&'+*9)!&)*!A98*!<,!)&8*'/%+,*!,)!)-,/4,'4!1,/40*)!-%!

4*-*'5./*!-2*!0&5./%).-9!4.)-,/1*!+)#!'*4)2.;-!'*0,-.%/#!!A2*!IJ!-*12/.3&*!

.)!)*/).-.+*!-%!4,':!*/*'>9!-2'%&>2!.-)!*;;*1-!%/!-2.)!'*0,-.%/#!!!

4# Weak Lensing (WL)!)&'+*9)!5*,)&'*!-2*!4.)-%'-.%/!%;!(,1:>'%&/4!

.5,>*)!4&*!-%!-2*!(*/4./>!%;!0.>2-!,)!.-!8,))*)!(9!>,0,@.*)!%'!10&)-*')!%;!

>,0,@.*)#!!A2*!6F!-*12/.3&*!.)!)*/).-.+*!-%!4,':!*/*'>9!-2'%&>2!.-)!*;;*1-!

%/!-2*!,/>&0,'?4.,5*-*'!4.)-,/1*!+)#!'*4)2.;-!'*0,-.%/!,/4!-2*!>'%H-2!',-*!

%;!)-'&1-&'*#!

D-2*'!-*12/.3&*)!4.)1&))*4!./!62.-*!7,8*')G!)&12!,)!&)./>!!?',9!(&')-)!%'!
>',+.-,-.%/,0!H,+*)!;'%5!1%,0*)1./>!(./,'.*)!,)!)-,/4,'4!1,/40*)G!5*'.-!;&'-2*'!

./+*)-.>,-.%/#!C-!-2.)!-.5*G!-2*9!2,+*!/%-!9*-!(**/!8',1-.1,009!.580*5*/-*4G!)%!

.-!.)!4.;;.1&0-!-%!8'*4.1-!2%H!-2*9!5.>2-!(*!8,'-!%;!,!4,':!*/*'>9!8'%>',5#!!6*!

4%!/%-*!-2,-!.;!4,':!*/*'>9!4%5./,/1*!.)!,!'*1*/-!1%)5%0%>.1,0!82*/%5*/%/G!

+*'9!2.>2?'*4)2.;-!Kz!!!"L!8'%(*)!H.00!(*!%;!0.5.-*4!&-.0.-9#!!!!

!

M# N.;;*'*/-!-*12/.3&*)!2,+*!4.;;*'*/-!)-'*/>-2)!,/4!H*,:/*))*)!,/4!,'*!)*/).-.+*!./!

4.;;*'*/-!H,9)!-%!-2*!4,':!*/*'>9!8'%8*'-.*)!,/4!-%!%-2*'!1%)5%0%>.1,0!8,',5*-*')#!!

!!

O# P,12!%;!-2*!;%&'!-*12/.3&*)!1,/!(*!8&')&*4!(9!5&0-.80*!%()*'+,-.%/,0!,88'%,12*)G!

e.g.,!',4.%G!+.).(0*G!/*,'?./;','*4!KJ<QLG!,/4R%'!@?',9!%()*'+,-.%/)G!,/4!,!)./>0*!

*@8*'.5*/-!1,/!)-&49!4,':!*/*'>9!H.-2!5&0-.80*!-*12/.3&*)#!</4.+.4&,0!5.)).%/)!

/**4!/%-!/*1*)),'.09!1%+*'!5&0-.80*!-*12/.3&*)S!1%5(./,-.%/)!%;!8'%T*1-)!1,/!

,12.*+*!-2*!),5*!%+*',00!>%,0)#!

!

U# A2*!-*12/.3&*)!,'*!,-!4.;;*'*/-!0*+*0)!%;!5,-&'.-9=!

,# A2*!BAO!-*12/.3&*!2,)!%/09!'*1*/-09!(**/!*)-,(0.)2*4#!!<-!.)!0*))!,;;*1-*4!

(9!,)-'%829).1,0!&/1*'-,./-.*)!-2,/!%-2*'!-*12/.3&*)#!

(# A2*!CL!-*12/.3&*!2,)!-2*!)-,-.)-.1,0!8%-*/-.,0!-%!*@1**4!-2*!BCD!,/4!IJ!

-*12/.3&*)!(&-!,-!8'*)*/-!2,)!-2*!0,'>*)-!)9)-*5,-.1!*''%')#!!<-)!*+*/-&,0!

,11&',19!.)!1&''*/-09!+*'9!4.;;.1&0-!-%!8'*4.1-!,/4!.-)!&0-.5,-*!&-.0.-9!,)!,!

4,':!*/*'>9!-*12/.3&*!1,/!%/09!(*!4*-*'5./*4!-2'%&>2!-2*!4*+*0%85*/-!%;!
 

! "#

$%&'()*+%,!$'-$!&.($/.0!,1,$%2-$)&,!3+%!$.!(.(40)(%-/!-,$/.5'1,)&-0!

5/.&%,,%,6!

&6 7'%!SN!$%&'()*+%!),!at present!$'%!2.,$!5.8%/9+0!-(3!:%,$!5/.;%(!

$%&'()*+%!9./!,$+31)(<!3-/=!%(%/<16!!>9!/%3,')9$,!-/%!3%$%/2)(%3!:1!

2+0$):-(3!5'.$.2%$/1?!$'%!5.8%/!.9!$'%!,+5%/(.;-!$%&'()*+%!3%5%(3,!

&/)$)&-001!.(!$'%!-&&+/-&1!-&')%;%3!9./!5'.$.4z@,. (Multiband photometry 

measures the intensity of the object in several colors.  A redshift 

determined by multiband photometry is called photometric redshift, 

or a photo-z.)!>9!,5%&$/.,&.5)&-001!2%-,+/%3!/%3,')9$,!-/%!+,%3?!$'%!5.8%/!

.9!$'%!%A5%/)2%($!-,!/%90%&$%3!)(!$'%!BC7D!9)<+/%!.9!2%/)$!),!2+&'!:%$$%/!

=(.8(?!8)$'!$'%!.+$&.2%!3%5%(3)(<!.(!$'%!+(&%/$-)($)%,!)(!,+5%/(.;-!

%;.0+$).(!-(3!)(!$'%!-,$/.(.2)&-0!90+A!&-0):/-$).(6!!!

36 7'%!WL!$%&'()*+%!),!-0,.!-(!%2%/<)(<!$%&'()*+%6!!>$,!%;%($+-0!-&&+/-&1!

8)00!-0,.!:%!0)2)$%3!:1!,1,$%2-$)&!%//./,!$'-$!-/%!3)99)&+0$!$.!5/%3)&$6!!If!$'%!

,1,$%2-$)&!%//./,!-/%!-$!./!:%0.8!$'%!0%;%0!-,,%/$%3!:1!$'%!5/.5.(%($,?!)$!),!

0)=%01!$.!:%!$'%!2.,$!5.8%/9+0!)(3);)3+-0!E$-<%4>F!$%&'()*+%!-(3!-0,.!$'%!

2.,$!5.8%/9+0!&.25.(%($!)(!-!2+0$)4$%&'()*+%!5/.</-26!

!

G6 H!5/.</-2!$'-$!)(&0+3%,!2+0$)50%!$%&'()*+%,!-$!E$-<%!>F!&-(!5/.;)3%!-(!./3%/!.9!

2-<()$+3%!)(&/%-,%!)(!$'%!BC7D!9)<+/%!.9!2%/)$6!!7'),!8.+03!:%!-!2-I./!-3;-(&%!

)(!.+/!+(3%/,$-(3)(<!.9!3-/=!%(%/<16!!H!5/.</-2!$'-$!)(&0+3%,!2+0$)50%!$%&'()*+%,!

-$!E$-<%!>>>!&-(!5/.;)3%!-!9-&$./!.9!$'/%%!)(&/%-,%!)(!$'%!BC7D!9)<+/%!.9!2%/)$6!!

7'),!8.+03!:%!-!;-0+-:0%!-3;-(&%!)(!.+/!+(3%/,$-(3)(<!.9!3-/=!%(%/<16!!>(!$'%!

-:,%(&%!.9!-!5%/,+-,);%!$'%./%$)&-0!%A50-(-$).(!9./!3-/=!%(%/<1?!8%!2+,$!:%!

<+)3%3!:1!%;%/!2./%!5/%&),%!.:,%/;-$).(,6!!

!

J6 K%!9)(3!$'-$!(.!,)(<0%!.:,%/;-$).(-0!$%&'()*+%!),!,+99)&)%($01!5.8%/9+0!-(3!8%00!

%,$-:0),'%3!$'-$!)$!),!<+-/-($%%3!$.!-&')%;%!:1!)$,%09!-(!./3%/!.9!2-<()$+3%!

)(&/%-,%!)(!$'%!BC7D!9)<+/%!.9!2%/)$6!!L.2:)(-$).(,!.9!$'%!5/)(&)5-0!$%&'()*+%,!

'-;%!,+:,$-($)-001!2./%!,$-$),$)&-0!5.8%/?!2+&'!</%-$%/!-:)0)$1!$.!3),&/)2)(-$%!

-2.(<!3-/=!%(%/<1!2.3%0,?!-(3!2./%!/.:+,$(%,,!$.!,1,$%2-$)&!%//./,!$'-(!-(1!

,)(<0%!$%&'()*+%6!7'%!&-,%!9./!2+0$)50%!$%&'()*+%,!),!,+55./$%3!-,!8%00!:1!$'%!

&/)$)&-0!(%%3!9./!&.(9)/2-$).(!.9!/%,+0$,!9/.2!-(1!,)(<0%!2%$'.36!!M7'%!/%,+0$,!9./!

;-/).+,!2.3%0!&.2:)(-$).(,!&-(!:%!9.+(3!-$!$'%!%(3!.9!E%&$).(!>N6O!

!

!

=

Our ability to constrain cosmology is directly related to the 
accuracy with which we can estimate cluster mass.

–  Cluster mergers: deviation from equilibrium and sphericity
–  Gas physics: cooling, star formation, AGN feedback



Systematics

 

! ""

IV.!Findings of the Dark-Energy Task Force 
!

!

"# $%&'!%()*'+,-.%/,0!-*12/.3&*)!4%5./,-*!-2*!62.-*!7,8*')!'*1*.+*4!(9!-2*!-,):!

;%'1*#!!</!,082,(*-.1,0!%'4*'=!

,# Baryon Acoustic Oscillations (BAO)!,'*!%()*'+*4!./!0,'>*?)1,0*!)&'+*9)!

%;!-2*!)8,-.,0!4.)-'.(&-.%/!%;!>,0,@.*)#!!A2*!BCD!-*12/.3&*!.)!)*/).-.+*!-%!

4,':!*/*'>9!-2'%&>2!.-)!*;;*1-!%/!-2*!,/>&0,'?4.,5*-*'!4.)-,/1*!+)#!'*4)2.;-!

'*0,-.%/!,/4!-2'%&>2!.-)!*;;*1-!%/!-2*!-.5*!*+%0&-.%/!%;!-2*!*@8,/).%/!',-*# !

(# Galaxy Cluster (CL)!)&'+*9)!5*,)&'*!-2*!)8,-.,0!4*/).-9!,/4!4.)-'.(&-.%/!

%;!>,0,@9!10&)-*')#!!A2*!EF!-*12/.3&*!.)!)*/).-.+*!-%!4,':!*/*'>9!-2'%&>2!

.-)!*;;*1-!%/!,!1%5(./,-.%/!%;!-2*!,/>&0,'?4.,5*-*'!4.)-,/1*!+)#!'*4)2.;-!

'*0,-.%/G!-2*!-.5*!*+%0&-.%/!%;!-2*!*@8,/).%/!',-*G!,/4!-2*!>'%H-2!',-*!%;!

)-'&1-&'*#!!

1# Supernova (SN)!)&'+*9)!&)*!A98*!<,!)&8*'/%+,*!,)!)-,/4,'4!1,/40*)!-%!

4*-*'5./*!-2*!0&5./%).-9!4.)-,/1*!+)#!'*4)2.;-!'*0,-.%/#!!A2*!IJ!-*12/.3&*!

.)!)*/).-.+*!-%!4,':!*/*'>9!-2'%&>2!.-)!*;;*1-!%/!-2.)!'*0,-.%/#!!!

4# Weak Lensing (WL)!)&'+*9)!5*,)&'*!-2*!4.)-%'-.%/!%;!(,1:>'%&/4!

.5,>*)!4&*!-%!-2*!(*/4./>!%;!0.>2-!,)!.-!8,))*)!(9!>,0,@.*)!%'!10&)-*')!%;!

>,0,@.*)#!!A2*!6F!-*12/.3&*!.)!)*/).-.+*!-%!4,':!*/*'>9!-2'%&>2!.-)!*;;*1-!

%/!-2*!,/>&0,'?4.,5*-*'!4.)-,/1*!+)#!'*4)2.;-!'*0,-.%/!,/4!-2*!>'%H-2!',-*!

%;!)-'&1-&'*#!

D-2*'!-*12/.3&*)!4.)1&))*4!./!62.-*!7,8*')G!)&12!,)!&)./>!!?',9!(&')-)!%'!
>',+.-,-.%/,0!H,+*)!;'%5!1%,0*)1./>!(./,'.*)!,)!)-,/4,'4!1,/40*)G!5*'.-!;&'-2*'!

./+*)-.>,-.%/#!C-!-2.)!-.5*G!-2*9!2,+*!/%-!9*-!(**/!8',1-.1,009!.580*5*/-*4G!)%!

.-!.)!4.;;.1&0-!-%!8'*4.1-!2%H!-2*9!5.>2-!(*!8,'-!%;!,!4,':!*/*'>9!8'%>',5#!!6*!

4%!/%-*!-2,-!.;!4,':!*/*'>9!4%5./,/1*!.)!,!'*1*/-!1%)5%0%>.1,0!82*/%5*/%/G!

+*'9!2.>2?'*4)2.;-!Kz!!!"L!8'%(*)!H.00!(*!%;!0.5.-*4!&-.0.-9#!!!!

!

M# N.;;*'*/-!-*12/.3&*)!2,+*!4.;;*'*/-!)-'*/>-2)!,/4!H*,:/*))*)!,/4!,'*!)*/).-.+*!./!

4.;;*'*/-!H,9)!-%!-2*!4,':!*/*'>9!8'%8*'-.*)!,/4!-%!%-2*'!1%)5%0%>.1,0!8,',5*-*')#!!

!!

O# P,12!%;!-2*!;%&'!-*12/.3&*)!1,/!(*!8&')&*4!(9!5&0-.80*!%()*'+,-.%/,0!,88'%,12*)G!

e.g.,!',4.%G!+.).(0*G!/*,'?./;','*4!KJ<QLG!,/4R%'!@?',9!%()*'+,-.%/)G!,/4!,!)./>0*!

*@8*'.5*/-!1,/!)-&49!4,':!*/*'>9!H.-2!5&0-.80*!-*12/.3&*)#!</4.+.4&,0!5.)).%/)!

/**4!/%-!/*1*)),'.09!1%+*'!5&0-.80*!-*12/.3&*)S!1%5(./,-.%/)!%;!8'%T*1-)!1,/!

,12.*+*!-2*!),5*!%+*',00!>%,0)#!

!

U# A2*!-*12/.3&*)!,'*!,-!4.;;*'*/-!0*+*0)!%;!5,-&'.-9=!

,# A2*!BAO!-*12/.3&*!2,)!%/09!'*1*/-09!(**/!*)-,(0.)2*4#!!<-!.)!0*))!,;;*1-*4!

(9!,)-'%829).1,0!&/1*'-,./-.*)!-2,/!%-2*'!-*12/.3&*)#!

(# A2*!CL!-*12/.3&*!2,)!-2*!)-,-.)-.1,0!8%-*/-.,0!-%!*@1**4!-2*!BCD!,/4!IJ!

-*12/.3&*)!(&-!,-!8'*)*/-!2,)!-2*!0,'>*)-!)9)-*5,-.1!*''%')#!!<-)!*+*/-&,0!

,11&',19!.)!1&''*/-09!+*'9!4.;;.1&0-!-%!8'*4.1-!,/4!.-)!&0-.5,-*!&-.0.-9!,)!,!

4,':!*/*'>9!-*12/.3&*!1,/!%/09!(*!4*-*'5./*4!-2'%&>2!-2*!4*+*0%85*/-!%;!
 

! "#

$%&'()*+%,!$'-$!&.($/.0!,1,$%2-$)&,!3+%!$.!(.(40)(%-/!-,$/.5'1,)&-0!

5/.&%,,%,6!

&6 7'%!SN!$%&'()*+%!),!at present!$'%!2.,$!5.8%/9+0!-(3!:%,$!5/.;%(!

$%&'()*+%!9./!,$+31)(<!3-/=!%(%/<16!!>9!/%3,')9$,!-/%!3%$%/2)(%3!:1!

2+0$):-(3!5'.$.2%$/1?!$'%!5.8%/!.9!$'%!,+5%/(.;-!$%&'()*+%!3%5%(3,!

&/)$)&-001!.(!$'%!-&&+/-&1!-&')%;%3!9./!5'.$.4z@,. (Multiband photometry 

measures the intensity of the object in several colors.  A redshift 

determined by multiband photometry is called photometric redshift, 

or a photo-z.)!>9!,5%&$/.,&.5)&-001!2%-,+/%3!/%3,')9$,!-/%!+,%3?!$'%!5.8%/!

.9!$'%!%A5%/)2%($!-,!/%90%&$%3!)(!$'%!BC7D!9)<+/%!.9!2%/)$!),!2+&'!:%$$%/!

=(.8(?!8)$'!$'%!.+$&.2%!3%5%(3)(<!.(!$'%!+(&%/$-)($)%,!)(!,+5%/(.;-!

%;.0+$).(!-(3!)(!$'%!-,$/.(.2)&-0!90+A!&-0):/-$).(6!!!

36 7'%!WL!$%&'()*+%!),!-0,.!-(!%2%/<)(<!$%&'()*+%6!!>$,!%;%($+-0!-&&+/-&1!

8)00!-0,.!:%!0)2)$%3!:1!,1,$%2-$)&!%//./,!$'-$!-/%!3)99)&+0$!$.!5/%3)&$6!!If!$'%!

,1,$%2-$)&!%//./,!-/%!-$!./!:%0.8!$'%!0%;%0!-,,%/$%3!:1!$'%!5/.5.(%($,?!)$!),!
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Our ability to constrain cosmology is directly related to the 
accuracy with which we can estimate cluster mass.

–  Cluster mergers: deviation from equilibrium and sphericity
–  Gas physics: cooling, star formation, AGN feedback



Cluster Substructure

• Clusters form through mergers.
- Observed as substructure or disturbed cluster 

 morphology

• Formation epoch of clusters depends on cosmology.

• Cluster morphology affects cluster selection and 
observable cluster properties. 

➡ Mass estimates
➡ Gas mass estimates
➡ Galaxy evolution, etc.



Cluster formation in ΛCDM

Movie credit to Martin White

Gas Density

SZ Effect

Galaxies

X-
ray



• Test of cosmological models as well as the accuracy of current 
simulations (gas physics, etc.).

• Simulations using hydro/N-body, AMR code Enzo
– ΛCDM
– cooling, star formation and feedback
– Large volume (256 h-1 Mpc) and good resolution (~ 16 h-1 kpc)

• Select clusters with M > 2 x 1014 M⊙ (61 z = 0.04, 25 z = 1.0)

• Remove cool cores, if present, from temperature determination  
(TX = average spectral temperature, Mgas from deprojection of X-ray 
images assuming spherical symmetry) 

Cluster Structure in Simulations
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Mass vs. Temperature Evolution

TX

M



Mass vs. Yx Evolution

Yx = MgTx, similar to integrated SZ flux and proportional to the 
total thermal energy of the cluster.

see Motl et al. 2005, Kravtsov et al. 2006

YX

M



Measuring Structure: 
Centroid Shift and Power Ratios

• Jones & Foreman (1992):

• Centroid or Center-of-mass shift
 (Mohr et al 1995, Poole et al. 2006, Maughan et al. 2007)

–  Calculate centroid within R = 0.1 R500, 0.15 R500, ..., R500.

–  Centroid shift, w, is the standard deviation of the distance 
between centroid and peak.

single elliptical offset center small secondary double complex



Power Ratio Method
• Constructed from moments of the X-ray surface brightness

• Related to the multipole expansion of the 2D gravitational 
potential

• Calculate P2/P0, P3/P0, and P4/P0 within R500 centered on the 
cluster centroid (where P1/P0 = 0).

€ 

P0 = [a0 ln(R)]
2

Pm =
1

2m2R2m
am

2 + bm
2( )

Buote & Tsai 1995, 1996
€ 

Pm
P0

=
(Ψm )

2

(Ψ0)
2

€ 

am(R) =
R ' ≤R
Σ(∫ x')(R')m cos(mφ ')d2x '

bm(R) =
R ' ≤R
Σ(∫ x')(R')m sin(mφ ')d2x'



P2/P0 vs. P3/P0

Jeltema et al. 2005
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all projections.  (45% 
for centroid shift)

relaxed: single, lowest ~20% of power ratios (P3/P0 < 1.5 x 10-8)
disturbed: major merger, highest ~20% of power ratios (P3/P0 > 4.5 x 10-7)
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Projection: Problem #1

• 38% of “relaxed” 
clusters are relaxed in 
all projections.  (45% 
for centroid shift)

• 8% of “relaxed” 
clusters are actually 
disturbed.  (4% for 
centroid shift)

relaxed: single, lowest ~20% of power ratios (P3/P0 < 1.5 x 10-8)
disturbed: major merger, highest ~20% of power ratios (P3/P0 > 4.5 x 10-7)
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Mass Scaling Relations
LX-M

TX-M YX-M

Relaxed clusters 
more luminous

No significant 
offset in TX or YX



LX-M: Effect of Cool Cores

• Cool cores significantly increase luminosity and scatter in 
the LX-M relation.



Mass error vs. P3/P0

Mass Assuming Hydrostatic 
Equilibrium: Problem #2

• Hydrostatic mass systematically underestimates true mass.
• Error strongly correlates with cluster structure.

relaxed: ΔM/M ~ 12%

disturbed: ΔM/M ~ 24%



Mass error vs. w

Mass Assuming Hydrostatic 
Equilibrium: Problem #2

• Hydrostatic mass systematically underestimates true mass.
• Error strongly correlates with cluster structure.

similar, but weaker trend 
with centroid shift



Mass error vs. M

Mass Assuming Hydrostatic 
Equilibrium: Problem #2

• Hydrostatic mass systematically underestimates true mass.
• Error strongly correlates with cluster structure.

weak trend of increasing 
error for decreasing mass



TX-MhydroTX-Mtrue

Hydrostatic Mass Scaling Relations

Using hydrostatic mass estimates:
• relaxed and disturbed clusters are significantly offset
• scatter significantly increases
• even relaxed clusters offset from true relations



Hydrostatic Mass Scaling Relations

Using hydrostatic mass estimates:
• relaxed and disturbed clusters are significantly offset
• scatter significantly increases
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YX-Mtrue YX-Mhydro

Hydrostatic Mass Scaling Relations

Using hydrostatic mass estimates:
• relaxed and disturbed clusters are significantly offset
• scatter significantly increases
• even relaxed clusters offset from true relations



Gas Mass and Structure

• Error in gas mass also correlates with cluster structure.
• Mgas overestimated by ~10% for disturbed clusters and < 

5% for relaxed clusters.



• Chandra observations show that high-z clusters have 
more substructure than low-z clusters.

• Confirmed by Hashimoto et al. 2007, Maughan et al. 2007

Structure Evolution: Problem #3

Jeltema et al. 2005



TX-Mhydro TX-Mfix

Correcting Mass with Structure

Correcting hydrostatic mass based on P3/P0:
• no offset for relaxed and disturbed clusters and true 

relations recovered
• masses improved for 75% of clusters
• scatter only slightly decreased
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YX-Mhydro YX-Mfix

Correcting Mass with Structure

Correcting hydrostatic mass based on P3/P0:
• no offset for relaxed and disturbed clusters and true 

relations recovered
• masses improved for 75% of clusters
• scatter only slightly decreased



Correcting Mass with Structure

YX-M
Mtrue

Mhydro

Mfix

• Slope flatter than true slope due to correlation of ΔM with M.
• Power ratios more successful than centroid shift, but both 

work.
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Comparison to Observations
Low Redshift (z<0.1)

Simulations
Observations
Buote & Tsai 96

P3/P0

Low mass,
cool cores

High mass,
mergers

• Broader distribution of structure in 
simulations?  gas physics?



Structure Evolution in Simulations

• Significant, but mild evolution
• Large range of morphologies at all redshifts

simulations

observations

P3/P0 w

Jeltema et al. 2005
Buote & Tsai 1996

Maughan et al. 2007



Summary
• Projection

– Some disturbed clusters are mistakenly classified as relaxed
– Leads to increased scatter in the mass scaling relations

• Mass scaling relations
– Observable structure measures correlate strongly with 

deviations from hydrostatic equilibrium
– Observed structure can be used to correct mass scaling 

relations

• Comparison to observations
– Simulated cluster structure similar to observed
– Possible test of gas physics in simulations


