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Cluster cosmology Introduction
Cosmology tooll
Modeling the ICM physics

Clusters in the era of “precision cosmology”

why bothering about clusters?

@ complementarity of cosmological
parameter estimates

@ sensitive to growth of structure (Q,, og)

@ extreme objects can probe early
Universe physics, e.g., primordial
non-Gaussianity

1E 0657-56: “Bullet cluster”

— clusters are assembling today:
“every cluster is a bullet cluster — or a miniature version of it!”
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Cluster cosmology Introduction
Cosmology toolbox
Modeling the ICM physics

Clusters in the era of “precision cosmology”

why bothering about clusters?

@ complementarity of cosmological
parameter estimates

@ sensitive to growth of structure (Qn, og)

@ extreme objects can probe early
Universe physics, e.g., primordial Consider a spherical cow
non-Gaussianity of radius K ... @

— clusters are assembling today:

“every cluster is a bullet cluster — or a miniature version of it!”

— need to go beyond the spherical-cow approximation; necessarily
with a heavy computational component!
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Cluster cosmology Introduction
Cosmology toolbox
Modeling the ICM physics

Cluster cosmology toolbox

Number counts and Sunyaev-Zel'dovich (SZ) power spectrum

@ cluster number counts depend on scaling relations:

Zmax e dn(z, M)
N=|[ dz== / dv -2
/0 dz Sy AM(Y, T, Lx)

— depends on growth of structure, and
cluster physics (selection function, scaling relation)

@ SZ power spectrum does not require mass information:

Zmax dn
Co=g [ Tz [ amTE w2

— depends on cluster form factor y,(M, z), i.e. Fourier transform

of the thermal pressure profile .

— amplitude of the SZ power spectrum C; o Asz o o2 XJ
HITS
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Cluster cosmology Introduction
Cosmology toolbox
Modeling the ICM physics

Modeling the ICM

processes that need to be included:
@ cosmological cluster growth: asphericity and substructure
@ radiative cooling and star formation
@ energy feedback (AGN, SN)
@ non-thermal pressure support Piin, Pcr, Ps - - -
@ plasma processes
°

etc...

HITS
istoph Pfrommer On the Physics of Cluster Surveys



Cluster cosmology Introduction
Cosmology toolbox
Modeling the ICM physics

Modeling the ICM

processes that need to be included:
@ cosmological cluster growth: asphericity and substructure
radiative cooling and star formation
energy feedback (AGN, SN)
non-thermal pressure support Pin, Pcr, Ps - -

plasma processes

etc...

— how does the physics impact upon various ICM observables?

— run large simulations: good compromise between large volumes
(SZ power spectrum) and sufficient resolution for ICM modeling
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Gas motions
Describing cluster outskirts Gas clumping
Cluster anisotropy

Kinetic pressure support

AGN feedback, =0 AGN feedback, 1.7 x 10 Mg < My < 2.7 x 10 Mg
 11xX10"Mg< My, < 17x10% Mg —_z=0

L7x10%Mg< My < 27 104 Mg : 2=03

2.7x 10" Mg < My, < 4.2 x 10 M, z=05

101 22X 10% Mg< Moo < 6.5 10“ M L 10/ z=07

65X 10“Mo< Mo < LOLX 10°M,, / A

101X 10®Mg< My, < 1.57 x 10° Mg L
Shaw et al, 2010

z2=15
.- Shawetal.2010,z=0

ﬂ_£ Tracetd. 2010 f Shaw etd. 2010,z=1
o &
01F = B 0.1F - B
e —" —
lew  Ta e [CS
L L L L e L
0.1 10 0.1 10
r/ Ry '/ Ry
BBPS 2012a

@ Piin/ Py increases with mass and redshift due to hierarchical
formation history
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Gas motions
Describing cluster outskirts Gas clumping
Cluster anisotropy

Kinetic pressure support

AGN feedback, =0 AGN feedback, 1.7 x 10 Mg < My < 2.7 x 10 Mg,
 11xX10"Mg< My, < 17x10% Mg —_z=0 =
L7x10%Mg< My < 2.7 x 104 M, 2=03
10k 2.7% 10" Mg < My, <42 10% M i 10k 2=05 i
. Mz < 6.5 104 Mg, ‘ . z=07
6! Mo< Mago < 101X 10° Mo, 1 z=10
1,01 % 10° Mg < My < 1.57 X 10° Mg, __2z=15
< Shaw et al. 2010 5 2 Snawetal. 2010,z=0
o o Shaw etal. 2010, z=1
o o

01p Lz 4 4
= T&n T&, [
0.1 » 10 01 10
r/ Ry 1/ Rygom
BBPS 2012a

@ Pyin/Pn almost insensitive to z when scaled to Rago,mean!
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Gas motions
Describing cluster outskirts Gas clumping
Cluster anisotropy

Outskirts of galaxy clusters

Pxin/ P increases with radius: dissipating formation shocks

L4~ AGN feedback, z=0
— - L0x10"Mg< My, <3.1x 10" Mg
1oL — is).l>;P|0‘4M®<Mm<|.0x10"M(D
e Rsp R,
1.0 !

s b b b b b by 1

L £ L L s B B B B B
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Gas motions
Describing cluster outskirts Gas clumping
Cluster anisotropy

Outskirts of galaxy clusters

Rotate-stacked gas ellipticities

F ‘ ' ! 1 compute gas
L4 AGN feedback, z=0 7
L 1.0x 10" Mg<Myy<3.1x 10 Mg 1 moment-of-
1oL — 31x 10" Mg< My < 1.0 x 10" Mg 1. )
20 T PP 1 Inertia tensor,
F — gasc/a lem J/Rvu 4
= 1LOF /1 rotate and stack
& [ ]
~ [ J
g 08F .
& [ ]
S 06l ]
04fF .
02f -
0.0 C L L ] 3 2 1 o 1 2 3
0.1 1.0 e .
BBPS 2015 Ram XJ
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Gas motions
Describing cluster outskirts Gas clumping
Cluster anisotropy

Outskirts of galaxy clusters
Rotate-stacked DM ellipticities

5 ‘ ' i 1 compute DM
L4 AGN feedback, z=0 7
L 1.0x 10" Mg<Myy<3.1x 10 Mg 1 moment-of-
1oL — 31x 10" Mg< My < 1.0 x 10" Mg 1. )
I R 1 Inertia tensor,
F — gasc/a l 500 4
= 1.0F DM c/a 1 rotate and stack
N ]
g 08F .
& [ ]
S 06f ]
04F :
02f .
000 ) 1

BBPS 2015 : XJ
/ HITS




Gas motions
Describing cluster outskirts Gas clumping
Cluster anisotropy

Outskirts of galaxy clusters

Density clumping (T > 10° K) biases f;,s measurements

1 - c/a, Py / Py, rms fluct - 1

AGN feedback, z=0

— - L0x10"Mg< My, <3.1x 10" Mg

—— 3.1x10"Mg< My, < 1.0x 10° Mg

— PPy R

— gasc/a 500
DM c/a l
rms p fluct.

L1 ) o B B B B B B

s b b b b b 15

density/pressure
clumping:
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Gas motions
Describing cluster outskirts Gas clumping
Cluster anisotropy

Outskirts of galaxy clusters

Pressure clumping adds small-scale power to tSZ power spectrum

4l o density/pressure
T AGN feedback, z=0 .
- 1.0x 10" Mg<Myy,<3.1x10% Mg ¥ clumpmg;

~ [2f —31x 10" Mg< My < 1.0 x 10" Mg H
! b — PPy I’:
k3] F —— gasc/a lem J/Rvu 7 2
é Lok DM c/a 7] <p >
2 L rms p fluct. ,’ E Cp - 72
N 08: — 1ms P fluct. Il, ] <p>
;E 3 ’ —
< I (i)
g 06F E P = 2
<0 ; (P)
S 04f .

02 8

000 ) 1

BBPS 2015 - XJ
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Gas motions
Describing cluster outskirts Gas clumping
Cluster anisotropy

Pressure inhomogeneities, z ~ 0

z=0.05
Mg = 1.36 X 10° M 100
n n g
s s 2
= = ]
1
0.1
0
x[ Arcmin] X[ Arcmin]
Compton-y of simulated cluster spherical fit to simulations

z=0.05, Mpgo = 1.4 x 10" Mg
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Gas motions
Describing cluster outskirts Gas clumping
Cluster anisotropy

Pressure inhomogeneities, z ~ 0

1 T T T T T 30
= Sr 2=005
M,m— 1 36 10™° M, [ Moo = 1.36 X 10° M,
r 20
4
2+ 10
n 5 L & 1 <
s S of ) : db o =
= = [ 5
2r -10
4k
E -20
6~
T NI IRV E—— B}
0 -100 -50 0 50 100
x[ Arcmin] X[ Arcmin]

Compton-y of simulated cluster dy — projected pressure clumps

z=0.05, Mpgo = 1.4 x 10" Mg
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Gas motions
Describing cluster outskirts Gas clumping
Cluster anisotropy

Pressure inhomogeneities, z ~ 0.5

z=0.48
My = 221 x 104 Mg 100 100
I vy g 0g
z c = =
> 94 = 9
1 1
0.1 0.1
-10 -5 0 5 10 -10 -5 0 5 10
x[ Arcmin] X[ Arcmin]
Compton-y of simulated cluster spherical fit to simulations
z=0.48, Mpyo = 2.2 x 10" Mg ..
N
/\\ HITS
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Gas motions
Describing cluster outskirts Gas clumping
Cluster anisotropy

Pressure inhomogeneities, z ~ 0.5

n T T T 30
2=0.48 a- 2=0.48
Mygo = 2.21 X 10% Mg 100 [ Moo =221 X104 Mg
L 20
2+ 4
E 10
— 0> — [ —_
£ ¥ B Y
S - = 0oF L] -f 1o =
= == | =
ES 4 = s
r -10
1 -2- 7]
[ -20
4l 7]
0.1 S S S S S I S B -30
-10 -5 0 5 10 -10 -5 0 5 10
x[ Arcmin] X[ Arcmin]

Compton-y of simulated cluster dy — projected pressure clumps

z=0.48, Mpyo = 2.2 x 10" Mg

%
% NHITS
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(€ + 1)C¢/(2n) at 150GHz [uK?]

AC [ %]

Describing cluster outskirts

fdM

Gas motions

Gas clumping

Cluster anisotropy

tSZ power spectrum with pressure inhomogeneities

Sub-structure
contribution!

dn(M, z)|

1000

BBSP 201 167

implications for tSZ power
spectrum:

@ high-mass halos:
25% at ¢ ~ 3000

@ all masses:
15% at ¢ ~ 3000

— pressure clumping cru-
cial for analytical tSZ power
spectrum calculations!

\\/.><‘;JHITS
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Describing cluster outskirts Gas clumping

Understanding the outskirts of galaxy clusters

radius (Iylpc)

0.0000 0.0001 0.0002 0.0005 0.0010 0.0022 0.0044 0.0087 0.0176 0.0351 0.0699

Simionescu+2011, Science

Physics of Cluster Surveys



Gas motions
Describing cluster outskirts Gas clumping
Cluster anisotropy

Understanding the outskirts of galaxy clusters

025 o TN fction I 1 @ density clumping needed by
P e . data C ~ 10 — 20?
e { 7
b R, S | o d'ensnylclumpmg in
H015p — simulations C~1.1-1.3
o1l . 1 @ other important effects:
, . ]

large non-thermal pressure,

T

0.05f 1 pressure clumping,
faf E anisotropy

S 3F -

ek

:5» e E

T/Ta00
Simionescu+2011, Science
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Gas motions

Describing cluster outskirts Gas clumping
Cluster anisotropy

Biases of X-ray-inferred gas mass fractions

20 .
AGN feedback, z=0 ! .

E X 105 My My < 14X 109 My /1 measurement biases of fy,s:

F . 14x10“Mg< Myy<26x 104 Mg B

8 2,6x103:M®<M2m<5.1x103:M® ! .
15; : 15;.':810 Mg< My, <1.0x 10" Mg //r ,I/; o MHSE bIaS
g [ DR e 20% at Rzoo
S0 = @ density clumping bias:
Xgl.o - 10—20%atF?200
(mass dependent)

BBPS 2013 N
,XJ
/ HITS
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Gas motions
Describing cluster outskirts Gas clumping
Cluster anisotropy

Biases of X-ray-inferred gas mass fractions

i AN = O My < 31X 10 Mg ‘ i measurement biases of fyas:
200 — f3.1><10“M®< My < 10X 10° Mg, ,'{
g FolEE, ‘1 @ Mysg bias:
iE top 20% at Rogg
30 | @ density clumping bias:
05F B 10 — 20% at Roo
ook ] (mass dependent)
@ cluster-to-cluster
variance:
5% for true fyas but
BBPS 2013 20% for fyas HSE-+clump

<
HITS
Christoph Pfrommer On the Physics of Cluster Surveys



Gas motions
Describing cluster outskirts Gas clumping
Cluster anisotropy

Mass profiles in cluster-centered cones

Mgas(r): Mbm+gas+stars(): fyas(r):

— Mo = 119x10° Mg, — 20fF — Mo =119x10° Mo 1

— My =119x10° My,

1k

AMM g (<1 ) 1 (T, My A0)
AT, (<1) 1 ( My BQ)

10?

[N

BMye/ My

. . BBPS 2013
clusters are anisotropic:

@ large angular variations of mass profiles: cosmic filaments seed
anisotropic substructure distribution

@ large offsets of DM and gas — cannot use DM as a gas proxy!

NHITS
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Gas motions
Describing cluster outskirts Gas clumping
Cluster anisotropy

Variance of mass profiles in cluster-centered cones

UMgas (r) : UMDM+gas+stars ( r) : Gfgas (r) :

AGN fesbeck 2= 0

00l ool 00l
01 10 o1 10 o1 10

BBPS 2013

clusters are anisotropic:

@ mean of the angular variance of fyss across all clusters:
Ot =~ 30 — 35%

@ collisionless DM more anisotropic than gas (shock physics)

<
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Inhomogeneities in shells
Clumping power spectra
Understanding the clumpimg physics Conclusions

Cluster-centered shells of 5P and dp (1)

6P ép Gpom
0.44< R/Rgy, <0.55 0.44< R/Ryp <055 0.44< R/Ryp <0.55

1.0 m— —_— 7.0 10— — 7.0 10— — 7.0

1.33< R/Ragg <1.66 1.33< R/Ryeo <1.66 1.33< R/Rye0 <1.66

-

3.21< R/Ryyp <4.00 3.21< R/Ryg <4.00 B.R1< R/Ragp <4.00

= i";‘:\ans

BBPS 2015
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Inhomogeneities in shells
Clumping power spectra

Understanding the clumpimg physics Conclusions
Cluster-centered shells of 0P and §p (2)
0.44< Rj:m <0.55 0.44< R/i:’m <0.55 0 4.1:1: R/t: <055

1.33< R/Rapo <1.66 1.33< R/Rypg <1.66 1.33< R/Ryp <1.66

%P

10— — 7.0

3.21< R/Rgpg <4.00 3.21< R/Ryp <4.00 8.21< R/Ryp <4.00

= ) —

1.0

BBPS 2015
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Inhomogeneities in shells
Clumping power spectra
Understanding the clumpimg physics Conclusions

Cluster-centered shells of 6 T and §jx

Mo ~ 1.15 x 10°M, Mo~ 6.5 % 10"*M,
8T ajx 8T djx
0.44< R/Ryge <0.55 0.44< R/Ryg <0.55 0.44< R/Rppe <0.55 0.44< R/Rgqq <0.55
-
-
- »
¥t !i
INOL R KR S
SN

0,00 — 000

-

1.33< R/Regp <1.66

s
2 A

1.33< R/Reo <1.66 1.33< R/Rugo <1.66

\V\h'. 4

Y — — 050

321< R/Rugg <4.00 3:21< R/Ropo <4.00

“0.00

BBPS 2015

3.21¢ R/Rago <4.00

HITS
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Inhomogeneities in shells
Clumping power spectra
Understanding the clumpimg physics Conclusions

Contribution of cosmic filaments to clumping

Density clumping: Pressure clumping:
1or N N i B 10 N T T 7
AGN feedback, 2=0: AGN feedback, z = 0:
— 10x10"M, wo < 14X 104 Mg — 70X 107 Mg< Moy € 14x 10 Mg
. " 4
1 08 . B
5% 10" Me< Mo, < 10107 Mg ~
M, (r<4 Ry

o M (Pe Ry

Capanf Cor

01 10 01 10
7/ Ryg 7/ Ry
BBPS 2015

@ define filaments as the 4 cones with the largest Myas(r < Raqo) (dotted)
and Mgas(l’ < 4R200) (SO'Id)

@ filaments only account for ~ 8.3% of the volume

@ they contribute ~ 30% (Rz00) and ~ 80% (4 Rzg0) to the total density XJ
clumping factor HITS
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Inhomogeneities in shells
Clumping power spectra
Understanding the clumpimg physics Conclusions

Understanding clumping: power spectra Cy(¢)

5P dp

TOOE s 1 x 10" My < My, < 10 107 M, 100
26x10% Mo My < 5.0 % 107 M2

aoa /\/\A’\
o \’

2

& 010

Colte+ 1)/

001

100

100f

ool S

ClEr ) 2

CoAe+ 1)/

[0S 001

t Shock heating

1 10 1 10 1 10

BBPS 2015

@ scaled angular power spectra show apparent evolution of the spectral <: J
shape from a bump (at Ra00/2) to an almost flat distribution (at 4 Raqo) HITS
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Inhomogeneities in shells
Clumping power spectra
Understanding the clumpimg physics Conclusions

Power spectra Cy(k,) of shells quantify super-clumping

5P dp

OO S1x 10" M M < 101 107 Ms 19

e 265 107 Mg € Moy < 5.1 x 107 My, E
; = [ [N 0 PR
. : - /oM
{iult)r =R 5 oo Y /\’\'\_,

001

27

ClE )
CotE v 1)

001 ¢

[ AGN feedback

1 10
(€= 1/20x

€2 €1
BBPS 2015

1 10

@ which part of this evolution is driven by the decrease in angular scale
when moving an object of fixed physical scale toward larger radii?

where k. = (£ + 1/2)/x in the small-angle limit

@ super-clumping: density and pressure clumping is dominated by
comparably large (sub-)structures with scales L, 2 wRa00/Kki ~ R200/5

HITS
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Inhomogeneities in shells
Clumping power spectra
Understanding the clumpimg physics Conclusions

Conclusions

describing cluster outskirts:
@ kinetic pressure contribution increasing with radius

@ density and pressure clumping increasing with radius:
biases fyas and adds power to C, for £ 2 3000

@ large anisotropies within clusters of Myas, Mpm, and fyzs due to
infalling substructures along filaments

towards an understanding of clumping in cluster outskirts:

@ clumping is dominated by gravitationally-driven, large
substructures — “super-clumping”

@ these inhomogeneities are sourced by cosmic filaments that are
channeling baryonic and dark matter onto clusters and maintain
contact down to radii of order Rogo/3

@ such large-scale, radial overdense “super clumps” resemble
structures in the deep Chandra observation of Abell 133 JHITS

Christoph Pfrommer On the Physics of Cluster Surveys



Inhomogeneities in shells
Clumping power spectra
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Literature for the talk

@ BBPSS 2010: Battaglia, Bond, Pfrommer, Sievers, Sijacki, Simulations of the
Sunyaev-Zel'dovich Power Spectrum with AGN Feedback, Apd, 725, 91 (2010).

@ BBPS 2012a: Battaglia, Bond, Pfrommer, Sievers, On the Cluster Physics of
Sunyaev-Zel'dovich and X-ray Surveys I: the Influence of Feedback, Non-thermal
Pressure and Cluster Shapes on Y — M Scaling Relations, ApJ, 758, 74 (2012).

@ BBPS 2012b: Battaglia, Bond, Pfrommer, Sievers, On the Cluster Physics of
Sunyaev-Zel'dovich and X-ray Surveys Il: Deconstructing the Thermal SZ Power
Spectrum, ApJ, 758, 75 (2012).

@ BBPS 2013: Battaglia, Bond, Pfrommer, Sievers, On the Cluster Physics of
Sunyaev-Zel'dovich and X-ray Surveys lll: Measurement Biases and
Cosmological Evolution of Gas and Stellar Mass Fractions, ApJ, 777, 123,
(2013).

@ BBPS 2015: Battaglia, Bond, Pfrommer, Sievers, On the Cluster Physics of
Sunyaev-Zel'dovich and X-ray Surveys IV: Density and Pressure Clumping due
to Infalling Substructures, ApJ, 806, 43 (2015).
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additional slides
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Inhomogeneities in shells
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Hydrostatic mass bias

ll F T T T T T T T T ]

[ AGN feedback, z=0 ]
Fo 11x10%Mg<My,<1.7x10“Mg 1

10 1.7 x 10" Mg< My < 2.7 x 10 Mg e

F 2.7 x 10" Mg < My, < 4.2 X 10 Mg 1

s F 4.2x 10" Mg < My < 65X 10% Mg 1
= [ 65x10"Mg< My, < 1.01x 10" Mg 1
\\fg 0of — 1.01 X 10" Mg < My, < 1.57 x 10° Mg, 3
s L leoo le:
= Eore /0NC o E
\J E ) TN
y 0.8F =
I 4
= > X
O7F e =

L L L L L L L L 1

"'/ Ry ) XJ
BBPS 2012a 7 NHITS
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Inhomogeneities in shells
Clumping power spectra
Understanding the clumpimg physics Conclusions

AGN feedback

@ sub-resolution approach: rsftening ~ 108 rschwarzschild

@ tying feedback to virial properties not successful, Eigj o Mago >

@ self-regulated feedback (thompsonsos) | 5 geps ‘W
© Elliptical o gy
M o< Mo I e ;T“P
. 5 ¥
Einj = &rMsprCc=At

@ find halos and inject Ej,; within
spherical region Ragn

MMe)
g

@ parameters: At,er, Ragn;
e, effective radiative efficiency

@ match previous AGN models

95 10.0
(Sijacki+2008) lop(Ly/Lay) .
Giiltekin+2009 X\J
HITS
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Understanding the clumpimg physics Conclusions

Baryon and stellar mass fraction
fstar(< 1) = Mstar(< r)/Miot(< r) is reduced by AGN feedback to observed values

¥el L 4
o]
~
= [ Rooo | ]
S |
—
S = —
\ 10 r 7
5 f 3]
W7 F =" % 1
+ — Radiative cooling

~ I — AGN feedback
= L Sijacki et al. 08
Mf, o Gonzalezetal. 07, fstar(<R5°°)
= L ¢ Afshordietal. 07, fb(<R2w)

—_ fsar(<r)

- fb(<r)

01 M| L L ool L
0.01 0.10 1.00

rf RSOO \/".>g:/\JHITS

Battaglia, Bond, C.P, Sievers, Sijacki (2010) = BBPSS 2010
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Inhomogeneities in shells
Clumping power spectra
Understanding the clumpimg physics Conclusions

Simulations

our simulations: spss 2010, BBPS 2012a,b,c,d)
@ Dbox lengths: {200,400}h~" Mpc, N = 2 x {256%,512%}
@ halo mass resolution ~ 10"3h~" M,
@ ~ 800 clusters with Mgy > 10" M,
@ Gadget2+ (SPH) with three different physics models:

@ shock heating (non-radiative)
e radiative cooling + star formation + SNe + CR
e additionally ‘AGN’ feedback

— good compromise between large volumes (SZ power spectrum)
and sufficient resolution for ICM modeling (AGN feedback)

HITS
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