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Large-scale structure in the Universe

SDSS (optical)
Today

Planck (microwave)
Early Universe
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Simulating Structure Formation in the Universe

Color = Mass Density Distribution of Dark Matter in the Universe

z=0.14 t=11.64 Gyrs

N-body Darm Mater simulation with
Box size =100 Mpc (comoving) Adaptive Refinement Tree (ART) code



Dark Energy & Dark Matter

What are dark energy & dark matter?
How does the structure form in the Universe?



Probes of Dark Energy and Dark Matter

m Dark Matter
» Direct Detection (CDMS, LHC, LUX, Axion-searches)
» Indirect Astrophysical Probes (Fermi)
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Cluster Cosmology since 1930s

~ Fritz Zwicky =~ %
.. 1898-1974

B
.3 Recently, the Growth of Galaxy
Clusters as probes of dark energy.
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Recent Advances and Future Challenges

for Cluster Cosmology

Dark Energy Task Force (2006)

The CL technique has the statistical potential to exceed the BAO and SN
techniques but at present has the largest systematic errors. Its eventual accuracy
is currently very difficult to predict and its ultimate utility as a dark energy
technique can only be determined through the development of techniques that
control systematics due to non-linear astrophysical processes.

Before Now
: I l I I l l ] ] : =1 | |||||| 1 T lllll] I LI lllll I -
- Uncertain by 100% + F o Magp < E(@) Y
B ncertain ny () ¥ P,
- 7 Accurate to 10% @
Hydro. sim. without “galaxiéss 101 : L Yl
0 1015 L Evrard ot al. 1996 | ~ - Hydro. sim. with “galaxies i ]
= ' = 20 - Kravtsov et al. 2006 V4 i
- -4 ~ B Nagai et al. 2007 ) Al 7
- : : g ~ X T/ 7
~ B - 5 - Y s i
g Fion = \. )~ x
v i 1 & B /‘QChandra X-ray obs!]
< 10141 ) o . Vikhlinin et al. 2006
S = 4 N )
>3 = /+/ 1 5 10 = x g/ simulations z=0: A
- R - - LY 1. ]
R P ASCA X-ray observations - - ’//// 20161(:1'_ Tnl?:gied ]
-~ Finoguenov et al. 2001 7] i /// DR |
13 B e 7 _//// stars: data z=0
‘IO l | I I I | ] I ;]/I llIIIIl 1 | IlIIII[ 1 1 Illllll 1
1 2 3 4 6 810 14 101 10 101

kT, , keV YXEMg.sooTx (Mo keV)



Era of Precision Cluster Cosmology

Local (z<0.1) sample of 49 clusters + 37 high-z clusters
from the 400d X-ray selected cluster sample
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05=0.813(Q,,/0.25)947+0.013(stat)+0.024(sys)
W,=-0.991+0.045(stat)=0.039(sys)
Qpe=0.740+0.012

Systematics uncertainty in cluster mass measurements.



Dark Energy Space Mission of 2010s

eROSITA (scheduled launch in 2016)
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C the Astro 2010 Decadal Survey ]
(astro-ph/0903.5320)

Normalized Growth Factor of
Density Perturbation, G(z)
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All-sky survey for 4yrs + targeted obs.
Science Goals: Study the LSS and Dark Energy
>100,000 clusters up to z~1.5
A ~1500 cm? @ 1.5keV; O, ~25-40 arcsec

Need to measure the cluster mass with a few % accuracy!!



Cosmological Simulations of Galaxy Cluster Formation

N-body+Gasdynamics with Adaptive Refinement Tree (ART) code
Box size ~ 80/h Mpc; Region shown ~ 2/h Mpc; Spatial resolution ~ a few kpc
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Modern cosmological hydro simulations include the effects of baryons (i.e., gas cooling, star formation, heating by
SNe/AGN, metal enrichment and transport). But, also remember limitations - e.g., a single fluid approximation!

Simulation performed by the Yale BulldogM HPC cluster



AGN Feedback in Galaxy Clusters

Heating by Active Galactic Nuclei of the central
cluster galaxy in the Perseus cluster

41:33:00

X-ray emission " X-ray + radio emission

(by Chandra)
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AGN “bubbles™
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these effects, however, appear to be confined to the core
=> outer reqions of clusters can be used to reliabl
estimate their total masses




Missing Cluster Astrophysics #1
AGN feedback in Cluster Cores

1045tar Formation Rate History
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(3) Energy Injection: Thermal vs. Mechanical Box size=80Mpc/h, Peak resolution=2.5kpc/h;

mass resolution=2x108Msun/h

AGN feedback is important for mitigating the “overcooling problem”
and reproducing the mass and colors of cluster galaxies.

e.g., Sijacki+06,07, 08; Booth & Schaye 09, | |; Dubois+10,12



Log(Luminosity [ergs/s|)

47

46
45
44 r
43 r
42
41

40

Missing Cluster Astrophysics #1
Impact of AGN feedback on Cluster Scaling Relations

Lx-Tx relation
sensitive to cluster cores

Horner 2001

Heldson & Ponman 2000

Osmond & Ponman 2004 G-sam ple
Osmond & Ponman 2004 H-sample
Arnaud & Evrard 1999
Markevitch 1998

runs without AGN feedback

runs with AGN feedback

effect of AGN feedback
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not so sensitive to cluster cores
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AGN feedback helps reproduce the observed Lx-Tx relation,
but has little effect on the Yx-M relation.
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Missing Cluster Astrophysics #1
AGN feedback in Cluster Cores
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Models with CR bubbles can better§
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The question is not whether AGN feedback is important, rather
how its energy is transferred to heat the surrounding ICM.



X-ray emitting, hot gas In clusters
Simulations vs. Chandra X-ray Observations
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Modern hydrodynamical cluster simulations reproduce observed gas density
and temperature profiles outside cluster cores (0.15<r/rsy,,<1)

Outskirts could be used to measure the cluster mass accurately.



X-ray+SZ measurements of cluster outskirts

SUZAKU X-ray Obs. PKS 0745-191 _: .fé -- \\x;\‘

George et al. 2009 I -
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Recent X-ray and microwave observations have detected
the hot gas in the outskirts of galaxy clusters




Suzaku+Planck measurements of cluster outskirts

Entropy profiles of 11 nearby Gas fraction profile in Perseus cluster
relaxed clusters
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PUZZLES: Observed entropy and gas fraction profiles are
strongly inconsistent with theoretical expectations



Missing Cluster Astrophysics #2
Cluster outskirts are very clumpy

ANSWER: Mock Chandra X-ray
simulation of a ACDM galaxy cluster

Hydrodynamical simulations predict that most of the X-ray emissions from cluster
outskirts (r>rsp0=0.7r200) arise from small groups accreting along filaments

Nagai & Lau 201 |; Zhuravleva et al. 2013



Missing Cluster Astrophysics #2
Cluster outskirts are very clumpy
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Hydrodynamical simulations predict that most of the X-ray emissions from cluster
outskirts (r>rsp0=0.7r200) arise from small groups accreting along filaments

Nagai & Lau 201 |; Zhuravleva et al. 2013



Gas Clumping introduce biased in the ICM
profiles derived from X-ray observations

Mock Chandra X-ray simulation

of a ACDM cluster
o O
)
-

K(r)/Kano

0.1

IIII|IIII|IIII|IIIIE

\\ Solid: Observed ]

\ Dashed: True
\
N

) Observed profile
& affected by gas

/I IIIIIII| 1 IIIIIII|

I||||||||||||||ITI;IE C|ump|ng
FTT T T[T T T T[T T T T[T TTTR True profile

I -

)
1 IIJIIII|

/ Thick: CSF
/ .

/ Thin: NR

1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |

0.5 1 1.5 2

r/Ta0

Hydrodynamical simulations predict that most of the X-ray emissions from cluster
outskirts (r>rsp0=0.7r200) arise from infalling groups from the filaments

Nagai & Lau 201 |; Zhuravleva et al. 2013



SZ+X-ray Observations of Pressure Profiles
in Cluster Outskirts
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SZ and X-ray observations provide complementary views of cluster outskirts;
i.e., SZ signal is less sensitive to gas clumping, but affected by non-thermal pressure, while
both SZ and X-ray signals are susceptible to non-thermal pressure or non-equilibrium electrons.

also Eckert et al. 2013a,b



Evidence for Gas Clumping in Cluster OutsKirts
2.4Msec Chandra X VP observation of A133

Flat-fielded, background—subtracte_d;{';ppint—sc__)}lr_oe subtracted map
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" Vikhlinin et al. in prep.

A transition of the smooth state in the virialized region to a clumpy
intergalactic medium in the infall region outside of r = Rsqo



Evidence for Gas Clumping in Cluster OutsKirts
2.4Msec Chandra XVP observation of A133

79 wavelet-detected X-ray : qlumgds‘,_qyg_rlaid
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A transition of the smooth state in the virialized region to a clumpy
intergalactic medium in the infall region outside of r = Rsqo



Filamentary Morphology in Cluster Outskirts

2.4Msec Chandra XVP Qbservation of A133
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Vikhlinin et al. in prep.

-

Heavily smoothed image with all point sources & detected small-scale extended clumps
removed, showing the azimuthally symmetric to filamentary morphology outside Rsqo.



Evidence for Gas Clumping in Cluster OutsKirts

1063: T T T T

1062
- CXB included

'A
o
(o))
©
I
+
ol
-
——
I

L 108t ~
Q,
<
-
q-) —
& 1060 _
i -
Eﬂ)
&
clumps included f
10%% = filaments included N
10957 Lo L L I N N |

100 1000
r, kpc

Superb angular resolution and sensitivities of Chandra are
critical for studying the outskirts of galaxy clusters.



Missing Cluster Astrophysics #3
Merger-Induced Gas Motions in Clusters
Nelson, Lau, Nagai, Rudd,Yu 2013 (astro-ph/1308.6589)

Kaylea Nelson’s Ph.D. thesis work based on the large (>80) sample of simulated galaxy clusters
using the Yale OMEGA HPC cluster (also Nagai+07, Lau+09, Nelson+12, Lau+13)

“Unrelaxed
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Hydrodynamical simulations predict turbulent gas motions in clusters, and they
introduce biases in the hydrostatic cluster mass estimates at the level of ~20%.

Observationally, we know very little about turbulence in clusters..



Missing Cluster Astrophysics #3

Gas Acceleration in Cluster Outskirts
Nelson, Lau, Nagai, Rudd,Yu 2013 (astro-ph/1308.6589)

Kaylea Nelson’s Ph.D. thesis work based on the large (>80) sample of simulated galaxy clusters
using the Yale OMEGA HPC cluster (also Suto+12, Lau+13)

T i i matin
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Gas acceleration is also significant in the virialization regions in cluster outskirts.

Gas acceleration introduces an irreducible error to cluster mass estimate.
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Possible Solutions

cluster scaling relations are off
by ~45% - very unlikely
Planck CMB results may be

biased - issue with 217GHz data
(Spergel et al. on astro-ph yesterday)

sum of the neutrino masses is
~0.2-0.25eV

a combination of bias in
cluster scaling relations,
Planck CMB constraints, and
non-zero neutrino masses

Planck cosmological constraints from SZ cluster counts and CMB are in tension!



Measurements of the SZ power spectrum
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The SZ power spectrum also contains information about galaxy clusters.
PUZZLE: But, the measured SZ power was only half of what was predicted..



Astrophysical Uncertainty in the SZ power spectrum

Thermal SZ power spectrum contains significant contributions from outskirts
of low mass (M<3x|0'4 Msun), high-z (z>1) groups at <5000

8 Energy injection from |+ Dark Matter Structures
Stars and SMBHs

Red: fiducial model: &r=10,{ 00=0.18, f=0.5, nn=0.8

O + +
8l Gas Motions in Clusters o | Evolution of Gas MotionsB

Calibrated with hydro. sim.
P,

Mnt T
nt T
2 (2) =0z
Ptot( ) ( )<R500)

° 10 10°

14 14

Non-thermal pressure support due to gas motions in clusters is
a dominant source of systematic uncertainty.
Shaw, Nagai, Bhattacharya, Lau, 2010,Ap], 725, 1452

a(z)=ao(1+z)P

10 10°



The SZ bispectrum measurements
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The SZ bispectrum is sensitive to the outskirts of massive clusters at intermediate redshift (z~0.3-0.5).
Insensitive to the kSZ signal & less sensitive to gastrophysics than the power spectrum.

Bhattacharya, Nagai, Shaw, Crawford, & Holder, 2012,ApJ, 760, 5
also Hill & Sherwin 2013



Probing Gas Motions in Galaxy Clusters
with Astro-H X-ray mission

Predicting what Astro-H will see. Measuring turbulent gas velocities with the
Doppler Broadening of Fe lines
T=10.0 keV z=0.018 AE =7¢V

with Tx=10keV. oo
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Astro-H will measure peculiar velocity and turbulent gas flows in the inner regions
of nearby, massive galaxy clusters via shifting and broadening of Fe line.



Probing Gas Motions in Galaxy Clusters
with deep Astro-H observation
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Deep Astro-H observations can map out the gas velocity profile out to Rsoo.



Al (MJy sr™)

High-Resolution SZ studies of Individual Clusters
with the next-generation radio telescopes
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High-resolution, multifrequency SZE observations are sensitive to thermodynamic
and velocity structures of the hot gas in the outskirts of galaxy clusters.



Missing Cluster Astrophysics #4

I Il e

Tx=2keV, unrelaxed

Te/Tgas

In the outskirts of galaxy clusters, the
collision rate of electrons and protons
becomes longer than the age of the universe.
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Rudd & Nagai, 2009, ApJ, 701, 16
Spitzer 1962, Chuzhoy & Loeb 2004,
Akahori & Yoshikawa 2010



Missing Cluster Astrophysics #5
Non-thermal pressure by cosmic-rays

_712 dPther dPturb dpcr
+ +
Gp dr dr dr

Fermi provides stringent constraints (<1%) on
the cosmic-ray protons in nearby, rich clusters
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Ando & Nagai 2008

also Pfrommer+08; Jeltema+09; Pinske+11




Missing Cluster Astrophysics #6
He sedimentation in Galaxy Clusters

—1r2 dPyper
Mtot(< 7") == r th

1 8+3(Y/X)

Gp dr

Intracluster plasma consists of ~75%
hydrogen and ~25% helium by mass

He-to-H mass ratio

Solving the diffusion equations for the fully
ionized H-He plasma in the NFW potential
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cluster-centric radius in units of rg,

He sedimentation can introduce systematic uncertainty in X-ray measurements of massive
relaxed galaxy clusters at several percent level within the virialized regions of clusters (r<Rsoo).

also Abramopoulos1981, Gilfanov & Sunyaev1984, Qin & Wu2000,
Chuzhoy & Nusser2003, Chuzhoy & Loeb 2004, Ettori & Fabian 2006



Missing Cluster Astrophysics #6
He sedimentation in Galaxy Clusters
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ionized H-He plasma in the NFW potential

The effect of He sedimentation is degenerate with the effect of the equation of state of dark
energy, w. The cluster-based cosmological constraints aiming to measure w to better than
5% (at r~R2500) must take this effect into account or go to cluster outskirts (r~Rsoo).



New Science Opportunities

ravitational Lensing of Galaxy Clusters taken by Hubble Space~ Telescope

i T Big Questions
o e ’ What are dark energy & dark matter?
How do galaxies form and evolve?

DARK ENERGY Blg Challenge

SURVEY

The physics of baryons (galaxy formation)?



Galaxy Clusters in the Era
of Precision Cosmology

atlons of Galaxy Clusters

B Galaxy Clusters are powerful probes of
cosmology & astrophysics
» Fundamental Physics of the Cosmos
* What are Dark Energy & Dark Matter?

% Does the Einstein’s theory of gravitation hold
on large-scales?

» Structure Formation of the Universe
* What is the physics of baryons?
% How do galaxies form and evolve?

Planck Cosmological Constraints )
from CMB vs. Cluster counts Chandra observation of A133
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