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Abstract

The Impact of Non-Thermal Processes in the Intracluster Medium om@logical Cluster
Observables

Nicholas Ambrose Battaglia
Doctor of Philosophy
Graduate Department of Astronomy and Astrophysics
University of Toronto
2011

In this thesis we describe the generation and analysis of hydrodynanmuabhtons of galaxy clus-

ters and their intracluster medium (ICM), using large cosmological boxeertergte large samples, in
conjunction with individual cluster computations. The main focus is the exjiboraf the non-thermal
processes in the ICM and théfect they have on the interpretation of observations used for cosmo-
logical constraints. We provide an introduction to the cosmological strubbameation framework for

our computations and an overview of the numerical simulations and obsewvatiaalaxy clusters.

We explore the cluster magnetic field observables through radio relicsidedeentities in the ICM
characterized by their of ffuse radio emission. We show that statistical quantities such as radio relic
luminosity functions and rotation measure power spectra are sensitive tcetiafield models. The
spectral index of the radio relic emission provides information on structuradtion shockse.g, on

their Mach number. We develop a coarse grained stochastic model af gataxy nucleus (AGN) feed-
back in clusters and show the impact of such inhomogeneous feedbaok thirermal pressure profile.
We explore variations in the pressure profile as a function of cluster meshift, and radius and pro-
vide a constrained fitting function for this profile. We measure the degréeeafion-thermal pressure

in the gas from internal cluster bulk motions and show it has an impact on the alal scatter of the
Sunyaev-Zel'dovich (SZ) scaling relation. We also find that the groagesbf the ICM, as characterized

by scaled moment of inertia tensorgiegts the SZ scaling relation. We demonstrate that the shape and
the amplitude of the SZ angular power spectrum is sensitive to AGN feedaadkhis #ects the cos-
mological parameters determined from high resolution ACT and SPT cosmicwaieeobackground
data. We compare analytic, semi-analytic, and simulation-based methodécfdatiag the SZ power

spectrum, and characterize theiffdrences. All the methods must rely, one way or another, on high



resolution large-scale hydrodynamical simulations with varying assumptosnaddelling the gas of
the sort presented here. We show how our results can be used toénteplatest ACT and SPT power
spectrum results. We provide an outlook for the future, describing fellpwork we are undertaking

to further advance the theory of cluster science.
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Chapter 1

Introduction

1.1 Motivation

How life on earth and the Universe originated are questions at the fraftleeman curiosity. Astro-
physics are addressing such grand questions through the cosmolagitablatextrasolar planet fields.
Cosmology is a vast field, with many sub-fields posing specific questionieddtathe larger one of the
origin of the Universe. In that vein, this thesis describes a collection ok iacusing on structure
formation in the Universe, in particular on the study of giant galaxy clusters

Galaxy clusters were first discovered by Edwin Hubble (Hubble, 18868)later classified by Fritz
Zwicky (Zwicky, 1937), who discovered that a mysterious source dlfitemhal mass (known as dark
matter) was needed for the clusters to have a potential well massive etwkeép the galaxies inside
from flying apart. Only after the galaxy cluster catalogs of George Al#die(l, 1958) and early X-
ray satellites began observing extended emission from the clusters (ergky@tial., 1971), did their
utility as a cosmological tool become an important growing field. The interesilaxy clusters and
their potential to constrain cosmological parameters has grown over timavig®

Simply put, galaxy clusters are the largest gravitationally bound objects inrthetde. They are
found at the nodes of the cosmic web (Bond et al., 1996), where filameatsent. They are the high-
est peaks of the initial matter density, the extremely massive and rare etrdaifiee formation in the
Universe. This makes them great observational tools for both cosmalugdjgstrophysics. Just as with
so many other observations in astronomy and astrophysics of collapgsxisplive wish to use clus-
ter observations to determine their masses and their distances. Thergeaed ebservational proxies
for determining such quantities: for example, through dynamical measutsmiktine galaxies within
the cluster and X-ray emission from the hot gas within the cluster. The rogguire a theory to
convert such observables to a physical quantity like mass. The first dat¢mnmodel the thermody-
namic properties of clusters used the fact that clusters were in deepatjimmal potentials and could
be modelled by virialized systems (e.g., Kaiser, 1986). For the early stabestéicobservations these
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theoretical models were adequate. However, the theory of clusters toelkeeep pace with the increased
demands on it from the higher precision of current observations, newttindard for all of cosmology.
The precision of cosmological parameter measurements over the pasirdQ prmarily from the cos-

mic microwave background (CMB), has increased dramatically, so muchasaéhare considered by
many to be in thgolden ageof cosmology. This places pressure on we astrophysicists to develop our
theoretical models of galaxy clusters to rise to these standards.

The requirements now for cosmological parameters is to achieve pergehptecision. This ne-
cessitates extremely accurate modelling of the intracluster medium (ICM) if tlséeclgystem is to
contribute competitively to present standards. At this level of accutheye are several sub-dominant
thermal and non-thermal processes that become important to modeltyorfé® unique environment
of the ICM is also an astrophysical laboratory where, for example, anestudy turbulence, pressure
support from bulk motions, cosmic rays, and energetic feedback fotireagalactic nuclei (AGN). The
overall goal of this thesis is to provide more accurate theoretical modelafyclusters and the ICM,
guantifying and modelling the non-thermal process within the ICM, and adifrg the utility of galaxy
clusters as cosmology tools.

1.2 The Current Cosmological Paradigm

Understanding where galaxy clusters fit into the standard cosmology virarkéirst requires a brief
overview of the current theoretical cosmological models and the formatistmuture in the Universe.
Here we outline the basic cosmological framework and parameters, wachedirunderstood, in large
part due to the observations of the CMB (e.g., the Wilkinson Microwave Amipy Probe, WMAP).

The concordance cosmological model is@DM Universe in which the Universe is roughly composed
of 71% dark energy\!, 25% dark matter and 4% baryonic matter. These and other cosmological
parameters are constrained to within a few percent by observations wftipeerature and polarization
anisotropies in the CMB, type 1a supernova, weak lensing, baryonistcoscillations, the Lyman-
forest, and the large-scale structure of galaxy clusters.

The modern cosmological model is based on two underlying postulates: iker&iis homoge-
neous and isotropic. Observations of the CMB, from the surface oktatering, give the strongest
support for these postulates, with measurements of large-scale cerflattitiations in the early epoch
of the Universe to be on the order of TQ(cf. Fig 1.1). A nearly homogeneous and isotropic expanding
Universe has an unperturbed background modelled by the FriedmaloerRon-Walker (FRW) metric

2
aw” BEE SRR (1.1)

ds? = dt® -
c2 |1-kr?

wherec is the speed of lightk is the spacial curvature(t) is the scale factor, and, and¢ form a

1Throughout this work unless stated otherwise, we assume that dadyes@ cosmological constant.
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Figure 1.1: The CMB temperature fluctuations from the surface of latesitey are extremely uniform.
Shown is the Internal Linear Combination Map, a weighted linear combinatidheofive WMAP
frequency maps. The weights are computed using criteria which minimize theti@&tareground
contribution to the sky signal. The resultant map provides a low-contaminatiogeirobithe CMB
anisotropy. Here Galactic coordinates are use with a Mollweide projectidnhee scale is linear from
-200 to 20QuK (-7 x 107° to 7x 107° in relative temperature fluctuations). Credit: the WMAP Science
Team.

spatial comoving coordinate system with? = dg? + sirf6d¢?. Observations indicate the Universe is
flat to good approximation. Hereafter the spacial curvatkyes(©. The scale factog(t), is conveniently
normalized such that its current valueafy) = 1. It is related to the cosmological redshift by=
a(tg)/a(t) — 1: a photon is emitted at timehas its wavelength stretched by a factor ¢gé(t) when it
reaches a present-day observer.

The FRW metric evolves according to the Friedmann equations derivedgfenieral relativity that
describe the dynamics of the FRW Universe. The Friedmann equations are

% = —$ (otot + 3Ptot) » (1.2)
PRV
H2(a) = (%) =T .3)

where pyo; and py; are the current total energy density and pressure for all componeite ibni-
verse. These energy density components consist of baryonic mafteddrk matter gpm), relativistic
particles p;), and dark energyp(y). The Hubble expansion ratd, has a present-day Hubble value
Ho = a(tp)/a(to) = 100h km Mpct st in terms of a dimensionless paramekerThe observational
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value forh from the Hubble Space Telescope and supernova observatiofg##0.036 (Riess et al.,
2009).

One can identify a critical density by rearranging Eq. 1.3

3H(t)?
it= ——), 14
Pecrit 831G (1.4)
where the present day values is
3Hg s
Perit,0 = 3G (1.5)

As mentioned above, in the absences of curvatkire Q) the total energy density jsot = op + oom +
or + pa, Which can be rewritten as dimensionless energy densities by normalizing pretbent day
critical densityQ; = pi/pcrito. These obey the simple sum rddg + Qpm + Qr + Qa = 1. The redshift
evolution of these energy densities is obtained from energy consenmtitve Universe. Under the
influence of gravity, energy conservation is

e = — %(pc2 + ). (1.6)
Given an equation of statey = p/(pc?), the equations can be integrated. For each energy density
component the redshift evolution gg o« al-31W)) The equation of state for non-relativistic matter is
w = 0, soQp andQpy are proportional ta 2 = (1 + 2)3. Radiation has & = 1/3 equation of state,
henceQ, « a* = (1 + 2)*. If we assume the dark energy is a cosmological constast—1, soQ, is
constant in time.

We can now express the Hubble parameter and critical density at arhiftédsscale factor) as,

H(2) = Ho V(Qp + Qom)(1 + 2)3 + Qr(1 + 2)* + Qa, (1.7)
and the critical density as

3H5 3 4
peit(@ = === ((Qb + Qom)(L+2° + Q1+ 2" + Q4). (1.8)
8nG
The Equation 1.7 provides the foundation to calculate cosmological distahtegrating of the
comoving line elemerdy = c dt/a(t) gives the comoving distance

V4
x(2) = CI) m (2.9)

For a flat universeQ,; = 1), ¥(2) = Dm(2), whereDy(2) is called the transverse comoving distance. It
follows that the angular diameter distancéig(z) = Du(2)/(1 + 2).
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1.3 Structure Formation

With the standard cosmological framework in place for the FRW Universa fection 1.2, we turn to

the question of how structure grows in the Universe. Initially the patch dfitiieerse we observe must
have been very smooth with tiny fluctuations in the density, at least on laedess Structure grows first
by the gravitational collapse of small over dense regions, then it growarbigcally through smaller

structures merging into larger structures. We define the initial density flighseabout the background
density as

sx)= £ -1, (1.10)
Lo

wherepg is the mean background density in the Universe over a voMraadx is a comoving coordi-
nate. The model fof(x) is a Gaussian random field.

The power spectrum encodes a complete description of the early Unidensity fluctuations since
they are Gaussian Taking the Fourier transform of Equation 1.10 yields

Sk (K) = f S(X)e**d3x. (1.11)

And the power spectrum is simpR(k) = <|5k|2>, where the angle brackets is the expectation values of
the enclosed quantity. The variance can be written in terms of a smoothed emsity ds a function of
mass scale,

1/3
M ) (1.12)

2 5 -
(M) = f P(K)Win(RKd%k, R = (m
whereWin(K) is the Fourier transform of the window function over which the field is smedtHHere
the window function is a spherical top h#lti,(x). The power spectrum is modelled locally by a simple
power-law that is scale dependeig P(k) « k%). A natural choice for the matter power spectrum is the
Harrison-Zel'dovich spectrum, which is scale invaridfk) « k. This power spectrum happens to be
a good approximation of the measured power spectR(i o« k9630014 (| grson et al., 2011) and a
slightly tiled index is preferred by most inflationary models.

We now briefly cover the main aspects that govern the growth of thesdétyéostuations using
linear theory. Gravity causes the positive parts of fluctuations to grow with, tanky the Hubble
expansion slows the growth &, since this collapse is extremely sub-sonic. Given the initial power
spectrum one can relate the current matter power to it with a the transfeidni (k) and the linear

growth factorD(a),

2Tiny primordial non-Gaussianity is one of the big questions in cosmologyisatbeing looked for in CMB and large-scale
structure observations. See Dalal et al. (2008) for an example eGGaussian simulations.
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P(k,a= 1) = T(k)’D(a)’P(k, a). (1.13)

The time dependent growth of the density linear fluctuations is is given by tharlgrowth function
D(a) « %” oc gf%‘ (for a derivation ofD(a) see Peebles, 1993). The transfer function describes the
scale dependent evolution of the fluctuations through horizon crossththa radiation-matter equiva-
lents (where,(2) = Qpm(2) +Qu(2)). Here we used the prior assumption that a majority of the matter in
the Universe is cold (non-interacting) dark matter. Detailed transfetifumeare calculated by numeri-
cal solutions to coupled Boltzmann and Einstein field equations, assuming#diaddd dark matter. A
faster alternative is to use fitting functions provided in the literature (e.gddgeret al., 1986), modified

to include the #ects of baryons (e.g., Eisenstein & Hu, 1998). Now one just gets thddrdnaction

from numerical codes, such as CAMB (Lewis & Bridle, 2002).

The amplitude of the initial power spectrum is not specified by any theoryt@lioonditions, so itis
normalized to the power spectrum measured by observations. A naturslireed the power spectrum
as shown earlier is the variance within a given smoothing scale (cf. 1.1®n Early observations
of galaxy counts, a conventional smoothing scale lof:8Vipc was chosen, since measurements then
hinted that the value far was close to 1 upon linear extrapolation. Thus the parameter is ¢afladd
is constructed to be thensvariation of density fluctuations on scales &f 8 Mpc and is described by

o2 = f P)Wkn(RWc®K, R = 8L Mpc. (1.14)

The abundances of galaxy cluster, also referred to as cluster mad®fg) are dependent on cos-
mological parameters. There are analytic theories for cluster mass fusittimiruse overdensity thresh-
olds to determine whether or not a region of a given mass (smoothing lengtid waollapse (e.g., Press
& Schechter, 1974; Bond et al., 1991). They work surprisingly welleQe past couple of decades,
computation capabilities have increased roughly according to Moore’s laardware as well as algo-
rithmic advances. Hence, cluster mass functions have been determineghtisimulations, but using
the underlying analyticahnsatzthat they depend oor?(M). The cluster mass function is used as a
foundation for theoretical predictions in cluster cosmology that focus egtbwth of structuré

1.3.1 Galaxy Clusters as Cosmological tools

Galaxy clusters are not the only probes of cosmological parameters.edgowfor every individual
observational probe in cosmology, parameters will be correlated, anchenaeynear-degeneracies. As
well, every probe has systematic uncertainties. Degeneracies arelwitkecomplementary measure-

3Galaxy clusters have also been hypothesized to be standard rulergittaroambination of X-ray and Sunyaev-Zel'dovich
observations (see Carlstrom et al., 2002, for a review), but this rdeghdominated by systematic uncertainties and the
assumption that galaxy clusters are spherically symmetric.
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ments. Thus, all measurements of cosmological parameters can play an mhpaitain decreasing
uncertainties (increasing precision).

Itis apparent from the arguments and equations in sections 1.2 and 1gakdvay clusters are great
probes of cosmology. Section 1.3 shows how structure formation is gedémnthe initial matter power
spectrum, transfer function, and linear growth factor. More explicitly,rthemalization of the matter
power spectrumgg, is sensitive to the growth of structure. Hence any measurements of sértictu
mation, such as counts per volume or spacial correlation functions, pendent on the underlying
cosmological parameters of the Universe. And galaxy clusters are tterexend of structure forma-
tion.

In pioneering work, galaxy clusters were modelled as simple self-similar byeltose thermo-
dynamic properties simply scaled by the cluster mass (Kaiser, 1986; Coleisei<a988). Another
approach to galaxy clusters was to identify them in initial Lagrangian spabevpoint process gieak
patchesand determine the thermodynamic quantities from the total internal energyl(B688; Bond
& Myers, 1996a,b,c). The initial hypotheses were based on the hopgdlaaty clusters were com-
pletely dominated by their gravitational potential, which could then be used tgistavbservations
with theoretical quantities like cluster mass. X-ray observations have stitmtrgalaxy clusters are
not the simple systems initially hypothesiZiedped (e.g., Voit, 2005, for a review of self-similarity and
observations).

1.3.2 Non-Thermal Processes in Galaxy Clusters

As more and more observations of galaxy clusters are made with finer @nddgolution, we are finding
these objects display increasing complexity, especially in their central aodetheir outskirts. There
are clearly diferent ICM properties in the cores of galaxy clusters: some are dramaticallyng their
hot ICM gas and forming stars, but at a much smaller rate than simple radiati@g models would
predict; some show no signs of a cooling flow, but exhibit a morphologica#iubed ICM relative
to a simple hydrostatic equilibrium; and there is a whole spectrum in between. Wdthwariety, the
consensus is that every cluster is or was once dynamically disturbed, ttenmem being the merger
history inherent in hierarchical structure formation.

In the core, non-thermal processes are dominant, like the aforementiadietive cooling and the
resulting star formation. Other physical processes such as thermaliiitistalenergetic feedback in the
cores from AGN or massive stars etc., can act to inhibit cooling and staaton. All these processes
are not understood individually, so their interactions as a whole on thed@Mtill uncertain.

As one progresses from the galaxy cluster center outwards, theipessgpport predominantly from
internal bulk motions and turbulence becomes increasingly important. Equalitgdbed in the cluster
outskirts (around the virial radius) between the thermal pressure angréissure support from bulk
motions. Additionally, there are magnetic fields and cosmic rays which are ltheogontribute at
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ACDM

Figure 1.2: Map of the dark matter in slices from the Hubble Volume Simulati@®DM cosmology
(Evrard et al., 2002). Regions of high density are white and regionsroflemsity are black.

least a few percent of the total pressure support in clusters. Althobghrvations of magnetic field
and cosmic ray energy densities (volume averaged pressure) are atile ssnd uncertain, measuring
one often constrains the other since they are linked through the dynangcahants (cosmic ray are
confined to move along magnetic field lines).

1.4 Numerical Methods

Although the simple self-similar models for the ICM are useful as a first aggbréo observations, they
are far too simple to meet the accuracy demanded by precision cluster cggimdiost of the nuances
in the structure formation captured by large numerical simulations are misseelfegimilar models.
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Furthermore, numerical simulations allow one to study individual galaxy ckistied their formation,
as well as statistically-averaged quantities.

Simulations of the growth of structure start by giving a simulation’s initial condjtiwhere the
equations of motion can still be well approximated by Lagrangian linear fation theory (Zel'dovich,
1970). Given the cosmological parameters, these initial conditions argdat@ld using the initial power
spectrum of density fluctuations, and the transfer function. The systénemsevolved numerically
under gravity (and sometimes hydrodynamically). The dark matter aspectsefirunderstood. The
addition of baryonic physics, mentioned in Section 1.3.2, is the main challenteek® simulations.

Numerically simulating galaxy clusters has had a long history, beginning with 8tesiinulations
that included collision-less matter only (Peebles, 1970; White, 1976), withdtition of baryons only
coming over in the late eighties (e.g., Evrard, 1988, 1990; Thomas & Coughif882; Katz & White,
1993; Bryan et al., 1994; Kang et al., 1994). These simulations have Ilsddicafoundation in the
understanding of galaxy cluster properties and large-scale struciuration on the whole (cf. Fig.
1.2). Some highlights include: The characterization of the correlations batXeaay observables and
galaxy cluster masses (Evrard et al., 1996); a practically universaffittinction for the dark matter
density distribution in galaxy clusters (Navarro et al., 1997); a collab&atbmparison amongst the
several diferent approaches used to simulate a galaxy cluster with the inclusion afdyydmics,
known as the&santa Barbara comparison cluster proj€€renk et al., 1999); a numericahsatzfor the
dark matter halo mass function (e.g., Jenkins et al., 2001; Warren et &b, Pid@er et al., 2008); large
hydrodynamical simulations on the scales of the observable UniverseKergrd et al., 2002). This
list is not nearly complete (see the article by Borgani & Kravtsov, 2009afmore detailed review of
status of cosmological simulations).

In this work we use a modified version of the numerical code GADGET-#ri§el, 2005). GADGET-
2 is a massively parallel Tree smoothed particle hydrodynamics (SPH) t@eehose it because we
had access to a version that already included radiative cooling, staafion, galactic winds, cosmic
rays and shock statistics, the latter described in Pfrommer et al. (2008 8fthis work required us
to further modify GADGET-2. Our modifications included implementing a coaraingd treatment for
the energetic feedback from AGN. We do not discuss in this thesis the me8®BH versus Eulerian
grid codes. Both have played important roles in numerical simulations of cdugtewever, we note
that SPH codes haveffitulties resolving shock fronts: an artificial viscosity is used to dissipate bulk

energy into thermal energy across the fronts.

1.5 Current and Future Observations

Galaxy clusters are observed from radio waveg-tays. Each wavelength regime provides a valuable
window into the emission processes and properties of the ICM. Large ictusteys are mostly carried
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out in the optical, Infrared, X-ray, microwave and radio wavelengthke focus of this work is on
emission in the microwave (through the Sunyaev-Zel'dovifiea) and in low frequency radio wave
(through synchrotron radiation).

1.5.1 Brief Overview of Optical and X-ray Observations of Gaaxy Clusters

Optical technigues use galaxy colours to identify spatial over-densitigalakies, galaxy clusters, in
large surveys, such as thed sequenctechnique (Gladders & Yee, 2000). X-ray observations search for
diffuse bremsstrahlung emission from the hot ICM (Felten et al., 1966). Cogitalparameters from
both optical and X-ray surveys are determined through counting galastecs as a function of observ-
able properties within a given volume (e.g., Gladders et al., 2007; Vikhlinal.e2009; Rozo et al.,
2010). Systematics associated with their selection functions and mass poxig® most significant
uncertainties in these measurements.

Besides the clusters abundance measurements there are many otheuesclusied to measure

cosmological parameters. Two examples are:

¢ In the X-rays, measurements of cosmological parameters have been ritladehighly selected
sample of relaxed clusters using the ratio of gas mass to total mass containedhvése clusters
(Allen et al., 2008). A central concern is the assumptions of universalitiyarevolution of the

ratio of gas mass to total mass.

e Optical observations, which utilize the property that galaxy clusters atdrge gravitational
lenses. Weak lensing measurements of the statistical shear distortionrafl aadground galax-
ies can also be used to determine cosmological parameters (e.g., Kaisdr, WfBertainties in
weak lensing measurements come from the modelling the lenses and from thenptre red-
shifts of the background galaxies.

All these measurements have been used in the determination of the cusemlagical constraints.

1.5.2 The Sunyaev-Zel'dovich ffect

The thermal Sunyaev-Zel'dovich (SZfect (Sunyaev & Zeldovich, 1970) is the Compton up-scattering
of CMB photons by hot electrons. This process produces temperasicgtibns in the CMB with a
unique spectral signature: a decrement below220 GHz, and an excess above (see Fig. 1.3). In the
non-relativistic limit, the Kompaneets (1956) equation is used to approximate#iteisng process,

on 19 [an 2 (1.15)

X%
wheren(v) is the photon distribution function (occupation number). It describeffasithn process (for
a detailed derivation see Bond, 1996; Birkinshaw, 1999). kkgre h,v/kyTe, Wherehy is Planck’s
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Figure 1.3: lllustration of the spectral distortion of CMB spectrum caugetthé SZ dfect (Carlstrom
et al., 2002). Note that this distortion has been greatly exaggerated iy au§ictional galaxy cluster
with a mass 1000 times greater than a typical massive cluster.

constantky is Boltzmann’s constant, ani, is the electron temperature. The paramgterthe Comp-
tonization parameter

y= fneaTWdl. (1.16)

Herene is the electron densityrr is the Thompson cross-sectiohgg is the blackbody temperature of
the CMB, andr electron mass. Under an isothermal assumption, the Equation 1.16 is the defitial
of electron time the fractional gain in energy from the scattering, or a maorsigdl understanding of

is the integrated electron pressure along the sight. In the limit of sgaadppropriate for hot electrons
and CMB photonsgn/dxe > n, n? so Equation 1.15 becomes

on_10 4on

3y XZO%e SO’
Making the assumption th%g = A—y”, for smally, andn(x) = 1/(€*—1) , wherex = hyv/kyTraq, EQuation
1.17 is further reduced to

(1.17)
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An = (xcoth(x/2) — 4). (1.18)

—t
A
Equation 1.18 describes the spectral change cause by scattering, wightilnes describe above. The
temperature distortions in the CMB from this scattering&ife= XxAnTag, Which simplifies to

_?—T = y(xtanh(x2) — 4). (1.19)

rad

In this work, our concern is with the thermal S#ect from inverse-Compton scattering of the ICM,
the hot plasma within galaxy clusters. Galaxy clusters are the most likely exttaatig source for the
thermal SZ &ect and thus the most commonly referred to source for this scattering dlticexdto the
thermal SZ &ect, there is a smalleiffiect which arising from the bulk motion of the scattering medium
relative to the Hubble flow. This temperature distortion is referred to as thaikiSZ dfect and is
described by the equation

T% - V—g necrrdl (1.20)
where thev, peculiar velocity is along the line of sight. The kinetic SZ does not have a distiectral
signature like the thermaliect. Hence, the thermal SZ null ef~ 220 GHz is useful ideal for digging
out the kinetic SZ measurement. For relatively massive galaxy clusters,asyste show that in the
Rayleigh jeans limit the thermal S4fect is an order of magnitude larger than the kinetic 82a by
just taking the ratio of Equations 1.19 and 1.20

ATthermal ( c ) ( kae)
— = 2|— , 1.21
ATkinetic vz J \ mec? ( )
_ koTe |(1000kms?
= 11.75( 10keV) ( v ) ) (1.22)
(2.23)

We ignore all relativistic corrections to the SZect in this work, since they are small except for ex-
tremely massive clusters.

An important feature of the thermal S&ect is that it is virtually independent of redshift for clusters
of the same properties. This feature of the thermal $&ceé makes it a great probe for massive clusters
at high redshift that would otherwise be expensive for optical or Kteasurvey. In practice X-ray,
optical, and SZ observations of galaxy clusters taken together are insttainier determining ICM
properties. For example, joint SZ and X-ray probes give insight inta¢tand T, distributions, since it
is the same hot electrons of the ICM that scattétlee ions to produce the bremsstrahlung emission in
the X-rays (cf. Fig. 1.4). Optical observations are great at identifiomger mass low redshift clusters
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Figure 1.4: Examples of the SZect and radio relic observations from galaxy clusters. Left: Composite
image of galaxy cluster Abell 2218. The X-ray emission measured by R@SgKiown in colour and the
SZ observations at 28.5 GHz are from the Berkeley lllinois MarylandyAimgerferometer is illustrated
by the contours. Credit: Prof. John Carlstrom. Right: Composite image ofygalaster Abell 3667,
the X-ray emission measured by ROSAT is shown in colour and the radio emigsim Australia
Telescope Compact Array is illustrated by the contours. Credit: Dr. Meliotiaston-Hollitt.

that are missed by X-ray and SZ observations, especially througtethsequencéechnique. Weak
lensing observations provide independent measurements of mass.

There is currently a wave of new observations of microwave sky beingrogdhe Atacama Cos-
mology Telescope (ACT), the South Pole Telescope (SPT), and the Rlatathte. They provide large
SZ cluster surveys, and the goal of these surveys is to make cosmolaogiaalrements (for references
to these measurements see Chapters 3, 4, and 5). These SZ obsearatjmnshing the boundaries of
the current theoretical models for the ICM.

1.5.3 Diffuse Radio Relic Emission

Diffuse radio emission from galaxy clusters was first observed in the Conterchigalaxies (Large
et al., 1959). This emission was not associated with any galaxy. Such emissiov observed in well
over 50 clusters. It has a steep power-law spectrum, which is indicdtsygohrotron radiation, hence
the presence of relativistic electrons, cosmic ray electrons, with largentofactors, orbiting around
the weak magnetic fields lines of the ICM. The origin of these electrons aswighs are hypothesized
to be from structure formations shocks, where they are acceleratadythdifusive shock acceleration
(also known as Fermi 1 acceleration). The two main types bfist radio emission in clusters have
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been given working definitions based on the morphology and orientation ift@icluster:

¢ Radio Halos are located at the centers of clusters and rg¢gytametric morphologies, much like
the X-ray emission from clusters.

¢ Radio Relics are located in the outskirts of clusters and have irregular wlorpés.

There are further classifications for other less commdfuské radio emissions, such as radio Phoenix
and radio mini halo. These are not discussed in this thesis.

The diferent morphology and orientation of radio relics and halos is hypothesizedme from
separate emission mechanisms. The source of the radio relic emission is veickehyead to be relativis-
tic electrons emitting at the location of their acceleration by a structure formdiimeks The emission
mechanism for radio halos is still debated. In chapter 2 we focus on odiy ralic emission, since
it traces structure formation in galaxy clusters, the ICM magnetic field stresagththe cosmic ray
electron content of the ICM. Current Radio telescopes such as the tegué&ncy Array, and future
telescopes such as the Square Kilometer Array should find even moreehckso

1.6 Thesis Outline

In chapter 2 we explore the magnetic fields in the galaxy clusters and ICMghmadio relic emission.
We present a coarse grained self-regulating model of AGN feedbag#laxy clusters and itsfiects
on the ICM and SZ power spectrum in chapter 3. In chapter 4 we chawgctee non-thermal pressure
support in clusters and the ICM shape. We also explore the impact ofheomal pressure support
and ICM shapes on the SZ scaling relations. In chapter 5 we presetdiledstudy of the thermal SZ
power spectrum. We provide an outlook and summary in chapter 6, anehpideas for future projects.



Chapter 2

Exploring the magnetized cosmic web
through low frequency radio emission

A version of this chapter has been published in the Monthly Notices of tted Retyonomical Society as
“Exploring the magnetized cosmic web through low frequency radio emisBittaglia, N., Pfrommer,

C., Sievers, J. L., Bond, J. R EnR3lin, T. A. 2009, Volume 393, pp. 1073-1089. Reproduced by
permission of MNRAS.

2.1 Chapter Overview

Recent improvements in the capabilities of low frequency radio telescopeisipra unique opportunity
to study thermal and non-thermal properties of the cosmic web. We arguthéhdituse, polarized
emission from giant radio relics traces structure formation shock wawk#laminates the large-scale
magnetic field. To show this, we model the population of shock-acceledtilistic electrons in high-
resolution cosmological simulations of galaxy clusters and calculate the rgstaiifio synchrotron
emission. We find that individual shock waves correspond to localizekisga the radio surface bright-
ness map which enables us to measure Mach numbers for these shocitsoWMat the luminosities
and number counts of the relics strongly depend on the magnetic field pespdine cluster mass and
dynamical state. By suitably combiningddirent cluster data, including Faraday rotation measures, we
are able to constrain some macroscopic parameters of the plasma at therestfoichation shocks,
such as models of turbulence. We also predict upper limits for the propeftig® warm-hot inter-
galactic medium, such as its temperature and density. We predict that thetgereration of radio
telescopes (LOFAR, GMRT, MWA, LWA) have the potential to discoverlzstantially larger sample of
radio relics, with multiple relics expected for each violently merging cluster. rewdyperiments (SKA)

should enable us to further probe the macroscopic parameters of plagsiesih clusters.

15
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2.2 Introduction and key questions

The plasma within and between galaxies is magnetized. Despite many obsexivefioms to measure
galactic and intergalactic magnetic fields, their properties and origins areimently well understood.
The magnetic fields influence the physics of the plasma in several importgst Waey couple the col-
lisionless charged particles to a single but complex fluid through the Lorerda,fand trace dynamical
processes in the Universe. Magnetic pressure and tension mediats &g provide the plasma with
additional macroscopic degrees of freedom in terms of &ife and magnetosonic waves. They cause
the turbulent cascade to become anisotropic towards smaller scales qmdssupansport processes
such as heat conduction and cosmic rajudion across the mean magnetic field. They are essential
for accelerating cosmic rays by providing macroscopic scattering agédrict wnables diusive shock
acceleration (first order Fermi process) and through magneto-tiydamic turbulent interactions with
cosmic rays leading to second order Fermi acceleration. They illuminate tdistamic ray electron
populations by enabling synchrotron emission and tell us indirectly abolgntibigh-energy astro-
physical processes such as formation shock wavesay bursts. The magnetic fields in spiral galaxies
are highly regular, showing alignment with the spiral arms. They are believarise from weak seed
fields amplified by dynamo processes, driven bijfedlential rotation in galactic disks. The seed fields
could have been produced by many sources, ranging from stellar ainttigts of active galactic nuclei,
to plasma instabilities and batterffects in shock waves, in ionization fronts, and in neutral gas-plasma
interactions. More hypothetical ideas for the seed field origins invoke pdimlogeneration in early
Universe processes, such as phase transitions during the epodlatidin In order to understand more
about magneto-genesis, we need to study the least processed plasihbepbat still shows some pri-
mordial memory. This points us to the magnetized plasma in intergalactic spacetitulpato the
plasma in galaxy clusters. There, magnetic fields show a smaller degregesingr compared to spi-
ral galaxies. However, their primordial properties may be masked in ciubtarause of processing by
turbulent gas flows, driven by galaxy cluster mergers, and the orbilseofnember galaxies. For an
overview on the present observational and theoretical knowledgestiter is pointed to the review
articles by Rees (1987); Wielebinski & Krause (1993); Kronberd@d#9Beck et al. (1996); Kulsrud
(1999); Beck (2001); Grasso & Rubinstein (2001); Carilli & Taylo®(2); Widrow (2002). This work
aims at closing a gap between theoretically motivated phenomenological mbetgescale magnetic
fields and actual observational non-thermal phenomena associatedeamwith th

Diffuse radio synchrotron emission has already been observed in moreltigaia&y clusters (Fer-
rari et al., 2008). The emission is associated with the entire intra-cluster mgditM). The syn-
chrotron emission process demonstrates the presence of highly relatléstioons (cosmic ray elec-
trons, CRe) with a Lorentz factor typically up o ~ 10* and magnetic fields within the ICM. The

diffuse radio emission can be classified into two categories: radio halos a@ndehcs. Giant radio
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halos are centrally located, trace the thermal emission and show no sigtadization, while radio
relics are located at the periphery of clusters, are polarized and avgedéml in appearance. There exist
a number of classes of radio objects that have been referred to owaralseas “radio relics” (Kempner
et al., 2004, and references therein). Two of these are associatedxtiitbt or dying active galactic
nuclei (AGN). These either host a synchrotron cooling radio plasmma &@ast AGN outburst that cre-
ated the radio lobes or are revived “radio ghosts” where an aged raliidhas been re-energized by a
merger or an accretion shock (Enf3lin & Gopal-Krishna, 2001).

The focus of this paper is on a third type of radio relic emission, sometimeseadfto as radio
“gischt" (Kempner et al., 2004), that showsfdse emission on scales up to 1 Mpc.fisive shock
acceleration at structure formation shocks can energize a primary pioputd relativistic electrons
that emit synchrotron radiation (Enf3lin et al., 1998; Miniati et al., 2001) in grmatc field that can be
amplified by the post-shock turbulence. Prominent examples for this classliofrelics can be seen
in Abell 3667 (Rottgering et al., 1997), Abell 2256 (Bridle & Fomalont, 1976; Masson & Bray978;
Bridle et al., 1979; Rttgering et al., 1994; Clarke & Enf3lin, 2006), Abell 3376 (Bagchi et2006),
and, more recently, Abell 2255 (Pizzo et al., 2008) and Abell 521 (Giacinet al., 2008). All galaxy
clusters with observed radio relic emission are merging or show signs @irmnglynamical activity,
but not all dynamically active galaxy clusters are observed to have .reliois raises the question of
whether difuse radio emission is a property of a special subset of clusters, oversali property, with
many relics too faint to be seen by current telescopes.

From CMB measurements we know that the Universe is composed of 4.6#%n@amatter,e.g.
Komatsu et al. (2008). However, when observing the local Universe (1), we can account for
fewer than half of these baryons (Fukugita, 2004; Danforth & ShulQ520 This is known as the
missing baryon problem. The current cosmological paradigm of larde stacture formation provides
a solution to the missing baryon problem. As the Universe evolves, larde sitacture grows from
small density perturbations imprinted during an earlier epoch. In the hrecalcscenario of structure
formation, structure grows from small to large scales, with baryons flowiragyfilamentary web with
clusters at the interstices. The temperature of baryons deviates frobatidiaooling associated with
the Hubble expansion by increasing multiple times in discrete steps — alwagsponding to a passage
through a structure formation shock. Before they are shock-heate@ tortal temperaturekT ~ 1 —
10 keV of galaxy groups and clusters, where they can be obsenasbththeir thermal bremsstrahlung
emission, they are predicted to reside in the warm-hot intergalactic medium (WH#vhperatures in
the WHIM are in the range of PK < T < 10’K (Hellsten et al., 1998; Cen & Ostriker, 1999; Gav
et al., 2001; Furlanetto & Loeb, 2004; Kang et al., 2005). We will invegtigehether it is possible
for diffuse radio emission associated with these formation shocks to be used & aftthe WHIM

1The name “gischt” derives from a German word for the crest on tapasks that are breaking at the shore thus resembling
the radio emission of freshly injected electrons by formation shocks.
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Figure 2.1: Structure formation shocks triggered by a recent mergeldafja galaxy clusterNl =~
10%h~1 M,,) dissipate the associated gravitational energy. Left: the Mach numb&ooks weighted
by the energy dissipation rate is shown by the colour (while the brightnegkgésthe logarithm of
the dissipation rate). Right: three-color image of energy dissipation rateeks (shown with a color
scale ranging from black over red to yellow) and radio synchrotron eomisg 150 MHz from shock-
accelerated relativistic electrons (blue and contours with levels starting d107* mJy arcmin? and
increasing with a factor of 15, respectively). This “radio gischt” emisdiraces structure formation
shock waves, highlights the intermittent nature of mass accretion in galaxgrsluand illuminates
magnetic fields that are amplified by turbulence that can be excited by thedewhves.

boundaries and so indirectly observe the WHIM.

A larger sample size of thesefilise radio sources is required to delve deep into the details of the
non-thermal processes working within galaxy clusters. However, timbrwtion of low surface bright-
ness, diuseness and small dynamical range in the sensitivity of current radicdples makes the
detection of this particular radio emissiorfttiult. With the current capabilities of the Giant Meter Ra-
dio Telescope (GMRT, Ananthakrishnan 1995) and the imminent arrivéfed.ow Frequency ARray
(LOFAR, Rottgering 2003), the Murchison Wide-field Array (MWA, Morales et al0Ogpand the Long
Wavelength Array (LWA, Kassim et al. 2005), and eventually the constm of the Square Kilometre
Array (SKA, Keshet et al. 2004b), powerful low frequency radieseopes are positioned to further
increase our understanding offfdise radio emission and give us insight into the following important
topics:

¢ the strength and coherence scale of magnetic fields on scales of galaterlu
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o the process of diusive shock acceleration of electrons,
¢ the existence and properties of the WHIM,

¢ the exploration of observables beyond the thermal cluster emission whicteasdive to the
dynamical state of the cluster.

In the course of this work we will consider how radio relic emission can $ilgation each of these
topics. To do this, we adopt a simplified model for the shock-acceleragdatmn of electrons. The
key figure illustrating these considerations is shown in Fig. 2.1. In our simakgtiee can visualize
properties of structure formation shocks that are triggered by a recerger of a large galaxy cluster
(M =~ 10**h~1 M,,) and dissipate the associated gravitational energy. In the left panehdbk Mach
numbers, weighted by the energy dissipation rate, are encoded by the, eahile the brightness dis-
plays the logarithm of the dissipation rate. This shows that most of the eigedjysipated in weak
flow shocks internal to the cluster, while the shock waves become sttangsteepen as they break at
the shallower peripheral potentials of the clusters and within filaments. Thegamel shows a three-
color image of of energy dissipation rate at shocks (shown in red andajedind radio synchrotron
emission at 150 MHz from shock-accelerated relativistic electrons (lbldeantours, modeled accord-
ing to Pfrommer et al. 2008). This “radio gischt” emission traces structuredtion shock waves and
highlights the intermittent nature of mass accretion, in particular along the filaamgariding from the
cluster center to the upper left of the image and for the giant radio relic to Wwerdaght of the cluster.
This radio emission illuminates magnetic fields that are amplified by magneto-lydnmic instabili-
ties that are associated with these shock waves. The paper has betnetiraccordingly: in Sect. 2.3
we outline our methodology; we describe our results and discuss themts 3gcand 2.5; and present
our conclusions in Sect. 2.6.

2.3 Methodology

We briefly summarize our procedure. We model the synchrotron emissioalbylating the primary
shock-accelerated electron population using a scheme that is basedtberthal leakage model — a
model that has been developed in the context @lgive shock acceleration at supernova remnants
(Ellison et al., 1981). We use a simple parametrization for the magnetic field. I&tkisis quickly
scan the observationally allowed parameter space associated with the nmdsttyan spatial distribu-
tion of shocks on cluster scales and beyond. In the post-processinggavch for spatially correlated
synchrotron emission from formation shocks, which represent our siatutadio relics and study the
properties of these relics in the clusters in our sample. Our aim is to understam radio observ-
ables can be used to reconstruct the physical properties of radig ehiash trace structure formation
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Figure 2.2: Surface brightness emission map for radio relics in the simulatsteictiy 2a. Left to right:

the emission from two sets of relic finder parameters, and the total primairyeeadssion at 150 MHz.
Our relic finder groups SPH particles using a friends-of-friends #lgor, we additionally require these
particles to exceed a emissivity threshold (ET). Thedénces in the images illustrate the dependence
on ET (left panel:observable parametessith ET = 10743 h® erg s Hz ! ster! cm3, central panel:
theoretical parameter&T = 107°° h3 erg s Hz ! ster! cm™3). The central map only lacks surface
brightness at the level of 18 compared to the total primary emission. Both relic emission maps to the
left contain more than 99% of the total flux from the total primary emission map.

and large scale magnetic fields. In the subsequent sections there willdiailed description of our
simulations and modelling.

2.3.1 Adopted cosmology and simulated cluster sample

Our work is based on high resolution smoothed particle hydrodynamics)(SiRtdlations of galaxy
clusters (minimum gas mass resolutier8 x 10°h~*Mg, for more details, cf. Pfrommer et al., 2007,
2008) using the ‘zoomed initial conditions’ technique (Katz & White, 1993) Wexe selected from a
low resolution dark matter only simulation (Yoshida et al., 2001) with a box sizg®h~* Mpc. They
were carried out using a modified version of the massively parallel trekc8Be GADGET-2 (Springel,
2005). The simulations of the galaxy clusters were performed in a “Cdaocge” cosmology model,
ACDM with cosmological parameters of2,,= Qpyw + Qp = 0.3,Q = 0.039,Q, = 0.7,h = 0.7, ng

= 1 andog = 0.9. Here,Q, refers to the total matter density in units of the critical density today,
Perit = 3H§/(87rG). Qp andQ, denote the densities of baryons and the cosmological constant at the
present day. The Hubble constant at the present day is paramesigd=a100h km s*Mpc1, while

ns denotes the spectral index of the primordial power-spectrumggmsithermslinear mass fluctuation
within a sphere of radius 8 *Mpc extrapolated ta = 0.

The simulations include a prescription for radiative cooling, star formatigoeshova feedback and
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Table 2.1: Cluster sample considered in this paper.

Cluster Dynamical M3, Rooo KTSy0
name  state [hMp] [htMpc] [keV]
g8a cc 18 x 10'° 2.0 13.1
gla cc 13 x 1015 1.8 10.6
g72a  PostM 1 x 100 1.7 9.4
g51 CcC 11 x 10%° 1.7 9.4
glb M 37 x 104 1.2 4.7
g72b M 15x 104 0.87 2.4
glc M 14 x 10* 0.84 2.3
gld M 92 x 103 0.73 1.7
g676  CC 88 x 103 0.72 1.7
g914 CC 8 x 103 0.71 1.6

a8 The dynamical state has been classified through a combined criterion igvakimerger tree study

and the visual inspection of the X-ray brightness maps. The labels forlistes are M—merger,

PostM—post merger (slightly elongated X-ray contours, weak cool i@g®n developing), CC—cool

core cluster with extended cooling region (smooth X-ray profile).

P The virial mass and radius are relatedMy(2) = 37 A pcit(2)RS, whereA = 200 denotes a multiple

of the critical overdensitycit(2) = 3H(2)%/(87G).

¢ The virial temperature is defined by = GMa umy/(2Rs), whereu denotes the mean molecular
weight.

a formalism for detecting structure formation shocks and measuring theiatesbshock strengths, i.e.
the Mach numbers (Pfrommer et al., 2006). Radiative cooling was compssetinang an optically
thin gas of primordial composition (mass-fractionXy§ = 0.76 for hydrogen and + Xy = 0.24 for
helium) in collisional ionisation equilibrium, following Katz et al. (1996). We alsduned heating by
a photo-ionising, time-dependent, uniform ultraviolet (UV) backgrouxuketed from a population of
guasars (Haardt & Madau, 1996), which reionises the Univerge-&. Star formation is treated using
the hybrid multiphase model for the interstellar medium introduced by Springéégaquist (2003a).
In short, the ISM is pictured as a two-phase fluid consisting of cold clowdsitk embedded at pressure
equilibrium in an ambient hot medium.

The cluster sample is displayed in Table 2.1. From this sample the cluster g&2ehasen for
detailed analysis of the properties of radio relics since it is a relatively (@vije a massv ~ 10'°M)
post-merging cluster, similar to the Coma cluster. Additionally, it hosts the brigtad® relic in the

entire sample. This relic resembles already observed ones.
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2.3.2 Realization of magnetic fields

Current SPH implementations that are capable of following the magnetodwtamics (MHD) of the
gas are presently still fraught with numerical and physicfilalilties, in particular when following dis-
sipative gas physics (Dolag et al., 1999, 2005; Price & Monaghar4,ZfiD5). Hence we apply a
parametrization in the post-processing of our completed simulations in ordet@ordne the strength
and morphology of the magnetic field (Pfrommer, 2008). Secondly, thengdraation approach pro-
vides us with the advantage of exploring the parameter space of our mafieletidescription more
efficiently, since we are not required to re-simulate when we alter the ab-initiocwrk magnetic field
parameters. We have chosen a simple scaling model for the magnetic field of
e )zaB

EB = €By (_{-,‘th
0

(2.1)

Our independent model parameters are the magnetic deglinend the magnetic core energy density
£g,- The thermal energy densigy, is measured in units of its central energy density = 3P,/2,
which we calculate by fitting a modifigggmodel (Egn. 2.2) to the radial pressure profiles of our clusters.
We first remove the over-cooled core (see Sect. 2.3.4),

P(r) = Py, (1 + (rl))_gﬁ 2.2)

c

We found that our modified-model provides a better fit to the pressure profiles than the usually adopte
spherically symmetric King profiles, i.e f/amodel (Cavaliere & Fusco-Femiano, 1978).

This parametrization (Egn. 2.1) was motivated by non-radiative SPH MHDIatimns (Dolag et al.,
1999) and radiative adaptive mesh refinement MHD simulations (Duboisy&sier, 2008) of the for-
mation of galaxy clusters in a cosmological setting. Rather than applying agueatinthe gas density
as those simulations suggest, we chose the energy density of the therm&gasnt cosmological
radiative simulations (that do not include feedback from AGN) ovel-tteocentres of clusters, giving
an overproduction of stars, enhanced central gas densities, anddemteal temperatures than are seen
in X-ray observations? In contrast, the thermal energy density of the gas is well-behaved in simula-
tions. Observationally, the parametrization (Egn. 2.1) is consistent with statistiddies of Faraday
rotation measure maps (Vogt & Enf3lin, 2005). Theoretically, the growth ginaidc field strength is
determined through turbulent dynamo processes that will saturate at atfiehdjth determined by the
strength of the magnetic back-reactiang. Subramanian, 2003; Schekochihin & Cowley, 2006) and
is typically a fraction of the turbulent energy density. The turbulent gndemsity should be related to
the thermal energy density, thus motivating our model theoretically. Theredessg, is constrained
by past measurements of magnetic fields within clusters and is chosen suBg theg,87]%/2 to be

2Recently, Sijacki et al. (2008a) found that including cosmic rays fré@&NAn SPH simulations can solve the over-cooling
problem while providing excellent agreement of the gas fraction and trex lemperature profile.
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Table 2.2: Magnetic field parameters in various combinations.

ag Bo [1C]
magnetic decline core magnetic field strength
0.3 2.5
0.5 5.0
0.7 10.0
0.9 -

Note: We define our standard magnetic field parameters tage 0.5, By = 5uG andv = 150MHz.
These parameters are used throughout the paper unless otherwide state

on the order of a feyuG (Govoni et al., 2006; Taylor et al., 2007; Guidetti et al., 2008). Tharpaters
explored in our model are shown in Table 2.3.2.

To predict the polarization angle and Faraday rotation measure in our sinmglatie need to model
the magnetic morphology of the ICM. We follow Tribble (1991) in order to t#eadividual compo-
nents of the magnetic vector field that obey a given power spectrum. Thitsdef the magnetic field
structure within the ICM are still unknown. There have been measureméntagnetic correlations
from Faraday rotation measure (RM) maps which are however limited by tite Wimdow size of ra-
dio lobes and hence only constrain the spectrum on smaller scales. Thaserements suggest that
the fields are tangled with a Kolmogoy@hboukhov-type power spectrum for coherence lengths of ap-
proximately 10 kpc scales and smaller (Vogt & Enf3lin, 2003, 2005; Guidetti.,e2008). It has been
argued that shallower magnetic field power spectra allow for longer eaberengths on the order 100
kpc (Murgia et al., 2004; Govoni et al., 2006). On the other hand, ai€¢oanalysis of XMM-Newton
X-ray data reveals the presence of a scale-invariant pressuredfioctispectrum in the range between
40 and 90 kpc and is found to be well described by a projected Kolmofobaukhov-type turbulence
spectrum (Schuecker et al., 2004). Assuming that the growth of the madjieéd strength is deter-
mined through turbulent dynamo processes suggests a similar spectrurgrdtinand hydrodynamic
turbulence ¢.g. Subramanian, 2003).

We model the components of the magnetic fidd, as random Gaussian fields. We use a Kol-
mogorov power spectrum on scales smaller than the coherence length,fiatdwhite-noise) power
spectrum on larger scales. All three components of the magnetic field atedrnedependently, which
ensures that the final distribution Bfr) has random phases. After mapping our SPH Lagrangian energy
density distribution of the thermal gas onto a 3D grid (cf. Appendix Eqn.)2tB8se realizations of the
magnetic field are then scaled such that the magnetic energy density ob@ssomed scaling given
by Egn. 2.1. To ensur€ - B = 0, we apply a divergence cleaning procedure to our fields in Fourier
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space (Balsara, 1998).
-« 3 ki \
Bik) = ) (6i,j - @) B)(K). (23)

2
=1 K

Applying this procedure to our Gaussian random field removes a third oh#gmetic energy. Thus, we
re-normalizeB to conserve the magnetic energy.

2.3.3 Cosmic ray electrons and synchrotron emission

Collisionless cluster shocks are able to accelerate ions and electrons ifgthenergy tail of their
Maxwellian distribution functions through filiisive shock acceleration (for reviews see Drury, 1983;
Blandford & Eichler, 1987; Malkov & O’C Drury, 2001). Neglecting ndinear shock acceleration and
cosmic ray modified shock structure, the process fitidive shock acceleration uniquely determines
the spectrum of the freshly injected relativistic electron population in the gfustk region that cools
and finally diminishes as a result of loss processes. The radio syratetitting electron population
cools on such a short time scatgnc < 10° yrs (compared to the very long dynamical time scale
Tgyn ~ 1 Gyr) that we can describe this by instantaneous cooling. In this approgimé#here is no
steady-state electron population and we would have to convert the énemgyhe electrons to inverse
Compton (IC) and synchrotron radiation. Instead, we introduce a vieteatron population that lives in
the SPH-broadened shock volume only; this is defined to be the volume etengy dissipation takes
place. Within this volume, which is co-moving with the shock, we can use theysttate solution
for the distribution function of relativistic electrons and we assume no redtitielectrons in the post-
shock volume, where no energy dissipation occurs. Thus, the cooleddCfRon equilibrium spectrum
can be derived from balancing the shock injection with thisy@chrotron cooling: above a GeV it is
given by

fe(E) =Ce E%, Cecx (2-4)

€ + 8ph
Here,ae = ainj + 1 is the spectral index of the equilibrium electron spectrumsppdienotes the photon
energy density, taken to be that of CMB photons. A more detailed descriptioar approach can be
found in Pfrommer (2008). The synchrotron emissiifyffor a power-law spectrum of CRes scales as

jy oc CeB™Hy ™, (2.5)

wherea, = (ae — 1)/2. A line-of-sight summation of, yields the radio surface brightness,. The
surface brightness are provided in unitshof 0.7 to simplify comparison with observations.

2.3.4 Finding radio relics

In our search for radio relics in the simulated clusters, we have modifiekrdf-of-friends (FOF)
(Geller & Huchra, 1983) algorithm so that it groups together conneadib rsynchrotron emission
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Figure 2.3: Left two panels: simulated GMRT map of the cluster g72a&@i05 (similar to the Coma
cluster), with the reconstructed beam in the bottom-left corner. The |a#lpathe 'dirty’ map and the
right panel is the ‘clean’ map, where we removed the brightest relic fautitk dirty map, mimicking
the cleaning procedure of radio maps. Right panel: surface emissionfrttegrelics of g72a using our
calibrated set obbservable parameteshown with a logarithmic colour scale. Note that we reproduce
the relic emission that can principally be detected by GMRT after applying aioparocedure to the
compact and diuse radio emitting sources.

in 3D. This relic finder works in a manner similar to a FOF finder except wee hiatroduced the
additional criterion of an emission threshold which the SPH gas particle quiree to exceed before
being assigned into a group. Thus, our algorithm depends on threeahpamameters which determine
the groups of particles that are designated relics: the linking length, entydbireshold, and minimum
number of particles (Fig. 2.2). The linking length (LL) is the parameter whartrols the maximum
distance dmax) between two particles that can still be considered neighbours,

(Mpwm) }1/3

d =LL
max QDM Perit

(2.6)

whereppm = peritQowm is the mass density of dark matter agidpy )2 is the average mass of our dark
matter particles. The linking length and the emission threshold parameters égaeetate féects on

the resulting groups of particles. Through inspection, we have choskxttee linking length value

of 0.2 resulting indmax = 50 kpc and vary the emission threshold. A minimum patrticle value of 32
regulates possible SPH shot noise and allows for smaller structures tdumeidén the relic catalogue.
The final parameter in our relic finder, which we have chosen to vary igthission threshold. We
compute the synchrotron emissivity of all the particles using Eqn. 2.5 andareniipto the emission
threshold. The sets of grouped particles for each of our clustersuanelic catalogues that form the
basis of our study.

3Note that the quantity in the brackets is equivalent to the ratidviph/p, except that the baryonic phase consists of gas
and stars.
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Determination of the emission threshold

We tailored the calibration of the emission threshold in the relic finder to two céissty, so that we
would find relics observable by GMRT and LOFAR; secondly, so that sddcstudy the complete
picture that might be achievable with future radio telescopes such as SKpughing the emission
threshold back to the limit of our simulations. For this procedure, we left thenetagfield parameters
unchanged. (We used our standard magnetic field parameters cf. Talag 2

We simulate the visibilities and maps from the relics that GMRT would observe.sé/the GMRT
primary beam and antenna positions projected against the zénitiyoring the z-component of the
antenna positions). For simplicity, we approximate the continuous UV trackstd baseline by circles
in the UV plane with measurements 18 degrees apart. We observe clustesgf&ce emission at a
redshift of 0.05 (cf. Fig. 2.3) and make a ‘dirty’ radio map, the Fouriengfarm of the visibilities.
We used an integration time of 2.5 minutes with a sensitivity of 0.2 #hlybeam at the frequency
vy = 150 MHz in simulating the visibilities.

To approximate GMRT’s dynamical range, we modelled a simple cleaninggucedy removing
the brightest relic in the ’'dirty’ map from the total surface emission map argimetfated the GMRT
detections — resulting in our ‘cleaned’ radio map. We compared these mamdgaoesbrightness maps
of different relic catalogues where we varied our emission threshold (cf. E@). Zhe emission
threshold which reproduced the simulated images most accurately wasHOerg s Hz 1 ster?
cm~3 with the linking length and minimum number of particles already fixed. Thesenieas are
referred throughout this paper ebservable parameters

The choice of a second emission threshold is related to the peak of the @éydisitribution func-
tion which is determined by the mass resolution of the SPH particles in the simulafienfaund the
peak emissivity to be &t, = 107°° h® erg s Hz 1 ster! cm=3. We find that changing, by six orders
of magnitude does not change the number of relics in a significant wayAfgbendix 2.8), making
the diference between peak emissivity and tiservable parametergasonable. Together with the
linking length and minimum number of particle parameters stated above, theseqiars are referred
to astheoretical parametersSince the emissivity scales with frequency, the emission threshold must
scale with frequency as well. The emission threshold (ET) scaling is fixedrateference frequency
vo = 150 MHz,

ET = ETO(—)_l, (2.7)

andETy adopts the values quoted above for boliservationahndtheoretical parameters

In summary, theobservable parametensere chosen to produce relic catalogues resembling the
ones obtainable from current or near future observations, wheneakeoretical parametertead to
hypothetical catalogues only obtainable with a perfect 3-d tomographyeoh#dium which may find
application with the future radio interferometer SKA (cf. Table 2.3.4).
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Figure 2.4: Luminosity functions witbbservable parametel$eft) andtheoretical parameteréright)

of our relic finder. The top and bottom panels show how the magnetic deglirend the magnetic
core energy densitygy impact the luminosity functions, respectively. The choice of magnetic field
parameters has a large impact on the shapes of the luminosity function whictorssaquence of
the inhomogeneous nature of virializing processes in cosmic structuretftorm&mallerag values,
corresponding to a shallower magnetic decline, produce many more brightsrcompared to larger
values ofug, which produce slightly more less-luminous relics. Increaggngesults in a greater number
of more-luminous relics. Notice the loss of the less-luminous relics fronoliservableo theoretical
parameters This is a result of the brightest relic swallowing up smaller relics due to sedserof the
emission threshold parameter.
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Table 2.3: Parameters chosen for the relic finder.

parameter linking minimum number emission threshold
name length of particles [ergsHz ! ster! cm9)

observable 0.2 32 10°°

theoretical 0.2 32 1043

Removal of galaxy contamination and cool core

Our radiative simulations model star formation (Hernquist & Springel, 2088%h leads to the forma-

tion of galaxies. When applying the criteria described in Sect. 2.3.4, thésdemappear as false radio
relic candidates since they are dense, compact and have enough gynisi\particle to be selected
by the relic finder. To select against those objects, we impose furthetraorts on the SPH particles
that are grouped together and require them to have a zero fractiomtéhieydrogen and to be below
a very conservative threshold of number densifyes = nser/32 = 0.004 cnt3,

Our relic finder also picks up the over-cooled centres of galaxy clugtepsir simulations, con-
taminating the radio emission. Since the candidate relic in the over-cooled ceayee physically
connected to other true relics, it cannot be removed by simply discardingdbest relic candidate to
the center. We apply a very conservative cut in radius ©f40 kpc and neglect the weak dependence
on cluster mass and dynamical state. We note that smaller clusters § x 101*M,), in particular
those with dynamical activity, tend to have slightly smaller cooling regions.

2.4 Results

2.4.1 Probing the intra cluster magnetic fields

In this section, we investigate how sensitivéfelient radio synchrotron observables are with respect to
the properties of the large scale magnetic field.

Luminosity functions

The magnetic fields within our simulations are parametrized by a simple scaling meldmr each
cluster, we compute radio luminosity functions to aid iffelientiating between fierent magnetic field
parametrizations by employing the dependency of synchrotron emissivityeomagnetic field of the
ICM. Our luminosity functions are distribution functions of the total luminosity rgdic (J,), where

_\ i Ma_
Jy, = Za: Jva oa Za: Jva- (2.8)
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Figure 2.5: Left panel: Faraday rotation measure map of the largest rajic2a, if the cluster were

placed at 20.05 (mimicking A2256). Right panel: Polarization angle map at 1.4 GHz, assuming

a uniform rotation angle at the position of the relic. The cluster center is ldéatthe direction of

the upper left corner for both the images. Regions with high RM varianoesmond to high spatial

variation of the polarization angle. In combination with a finite beam size, this sriakballenging to

observe a high degree of polarization in such a relic. The magnetic fiedoheders arerg = 0.7 By

= 2.5uG and the contours represent the surface brightness increasingadegefrom 5< 10-3 mJy

arcmir? aty = 1.4 GHz.
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The units ofJ, 5 are erg st Hz™! ster!, M, andp, are the SPH gas particle mass and density respec-
tively for the set of SPH particles within the relic labelleddy

The number of relics seen depends on the magnetic field parametrizatiag. 4; we show how
the luminosity functions depend @y andag. As expected, we find more and brighter radio relics for
higher values oBy. However, rather than simply scaling the luminosity function to higher relic ewissi
ities for largerBy (assuming a fixed slopeg), we find that their shapes change. This is a consequence
of the inhomogeneity of the virializing cosmic structure formation waves thaillareinated by the
synchrotron emitting electrons. Thé&ect of varyingBg is analogous to the water level within a very
inhomogeneous landscape that corresponds to the strength of the vigialwiok waves. This level can
adopt diferent values depending on the magnetic realization such that the resuhictystyon emit-
ting objects end up single connected or disjoint. So, one could considerMaikowski functionals to
characterize the flierent relics.

The trend forap is the opposite: higher values af lead to a lower number of radio relics. The
parameterg represents the slope of the magnetic scalig ¢ ), and a steeper slope will result in
the magnetic field strength fallingidaster with radius. We expect théect of bothBy andag on the
luminosity function to be a generidtect for all the simulated clusters, singgoc B**1/(sg + ecms)

(cf. Egns. 2.4 and 2.5) and in the peripheral cluster regions wigeke ecvs, We obtainj, o B**1,
The luminosity functions alone are notfBaient to fully disentangle the magnetic field properties, this
will require other observables.

Rotation measure

Another independent approach to constrain magnetic field models amaya@tation measurements.
Theoretically, one expects the magnetic field in shocks to be aligned with theto dhock compression
(EnBlin et al., 1998) and stretching and shearing motions induced by olslispois (Schekochihin &
Cowley, 2006). In combination with the small synchrotron emitting volume thatusexhby the small
synchrotron cooling time, this yields to polarized relic emission. Indeed, retits have been observed
to be polarized up to the 40 per cent level (Feretti et al., 2004; Clarke(&ifR2006). When polarized
radio emission propagates through a magnetized medium, its plane of polaripdtites for a nonzero
line-of-sight component of the magnetic fi@dgddue to the birefringent property of the plasma — Faraday
rotation. The Faraday rotation angle is given by

Dops = A°RM + Dinit, (2.9)

where

RM(x,) ag j(; ) B,(X) ne(X) dz (2.10)

rad B Ne L
m2 uG 10-3 cm Mpc’

1

(2.11)
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whereag = €3/(2rméc?), x = (x.,1), andne is the number density of electrons. In Eqn. 2.11, we have
assumed constant values and a homogeneous magnetic field along thedigktod- give an order of
magnitude estimate for RM values. Assuming statistically homogeneous and isotragnetic fields,
the RM dispersiofRM?) reads as follows,

L 2
(RM2) = a5<[ f Ne(X)B(X) dz] > (2.12)
0
= aégizBLme(X)zBZ(X)Z) (2.13)
= aﬁ%BLCneBz<ne(X)2><Bz(x)2>, (2.14)
where -
(Bang)
neB; = m, (2.15)

is defined as the correlation factor amgl= 2/3 x 1, is the 3D magnetic auto-correlation scale (Enflin
& Vogt, 2003) which can be estimated from the measiRélipower spectrum.

We studied the Faraday rotation of the largest relic in cluster g72a (Fig. Bh®&)aim is to recover
intrinsic statistical properties of the ICM magnetic field by studying RM statistias pWduce the RM
map by projecting the line-of-sight component of our tangled magnetic fielet (3.3.2) and the thermal
electron density that has also been mapped from its Lagrangian distributima 8® grid* Firstly, we
are concerned about the observability of polarized emission. The RMsseith By andne according
to Egn. 2.10 such that we expect RM values to increase across the redicdiothe projected cluster
center. However, large RM values leads to confusion when trying tonadske polarization angle.
Beam width depolarization (Gardner & Whiteoak, 1966) takes place if theripation angle changes
by a radian on scales shorter then the beam. To avoid this, one can gotty sfavelengths and smaller
beams at the expense of radio luminosity. Secondly, we are concerneldMitlontamination from the
galaxy. Even at moderately high galactic latitudes the galactic RM contributioma(8-Normandin
et al., 1981) can be approximately the same order as the RM we calculatevetptihe strength of our
RM depends on the relic location with respect to the cluster and obsesweelbas our magnetic field
parameters. Therefore, afirent location or parametrization will lead to stronger or weaker RM. Also,
the galactic RM in principle can be modelled and removed from the RM map.

High-quality rotation measure maps enable one to measure the RM powerraspEaér large an-
gular extent of giant radio relics provides a powerful tool of probing riieximum coherence scales of
the magnetic field in clusters; in contrast RM maps from radio lobes are typitaibh smaller. We
calculate power spectra from our RM maps and magnetic field realizatioresaébr model separately
(Fig. 2.6 and Table 2.4.1). For consistency reasons, we only cons&eolitme subtended by the radio

“Note that we neglect gas above the very conservative threshold dferuotensityny.es = Nse/32 to be consistent with
our proceeding in Sect. 2.3.4.
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Figure 2.6: Top: power spectrum of the RM mBgkm (k) and power spectrum of the line-of-sight
component of the magnetic fielig,) (k) for MFR1, where the error bars represent the donfidence
regions. Piryvy(K) attains excess power at large angular scales from fluctuatioms i@ur RM power
spectrum matches the shape and the peak scale of the input power spedthin the error bars.
Bottom: power spectra of RM maps forfitirent magnetic field realizations (cf. Table 2.4.1). All RM
power spectra recover the shape and characteristic scale of their ticagpet power spectra.
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Table 2.4: Magnetic field realizations (MFR) used in RM maps.
magnetic field  correlation length input slope of

realization name  Ag) [h~! kpc] power spectra

MFR1 100 -33
MFR2 200 -33
MFR3 100 -2

relic when calculating the magnetic power spectrum. We define the RM powetraif|ryv;) and the
power spectrum oB; (Pjg,}) as follows,

(RM?)

2r f kPirw dk, (2.16)
0

(B?)

3-4r f k?P(g, dk, (2.17)
0

where the additional factor of three accounts for fluctuations in the totahetaxfield while assuming
our random Gaussian field. A partial Monte Carlo method was used to detetha@rib- error bars on
the power spectrum. Assuming a constant magnetic coherence scalestreicbthe envelope function
by computing the variance of RM (Eqn. 2.13). We multiply this envelope funetitm10® realizations
of random Gaussian field and measure the power spectrum on eacks®@htlgs. The fractional errors
are computed from the variance of these power spectra. While the firgbsigr spectrum bins are on
average 50 per cent correlated, the correlations drop to be belowrafepefor the bins on smaller
scales.

By construction our parametrization of the magnetic field is correlated with tletr@fenumber
densityne which might possibly introduce biases in our RM maps. However, compariigp®ver
spectrum to the magnetic power spectrum, we find that the RM power speotrerall resembles
the original shape of the magnetic power spectrum and the injection scaésponds to the scale of
maximal power in the RM map. This is true for all our magnetic field realizationsmésure the slope
of these power-laws at small scales to an accurae0dd5, which is significant to elierentiate between
Kolmogorov k=°/3) and BurgersK2) turbulence spectra. We also find that the measurement of the RM
power spectrum slope is independent of the magnetic field paramgiensd By. The full correlation
matrix of the power spectrum bins is used when fitting the power-laws and ertbecalculations. We
find that our measured slope is flatter then expected and can be attributedltesale fluctuations in
ne, sincePg,] has the same slope as the power spectrui,aftegrated along the line of sight. The
small inhomogeneity afie in our simulations does not severeljext the intrinsic spectral shape. Thus,
it is possible in principle to recover the intrinsic 3D magnetic power spectrursobyng the inverse
problem (Vogt & EnR3lin, 2003; EnB3lin & Vogt, 2003; Vogt & Enflin, 2005)
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Using Eqns. 2.14, 2.16 and 2.17 we estimatedthemagnetic field strength froRry andPg,)
respectively and recover our initiasins magnetic field strength. We find that our correlation factor
(\/CE ~ 5.3) % is 20 per cent larger than the correlation factor obtained by fitting a snotbdel
to the spherically averaged profile of and scalingB o ng® with the samerg = 0.7 that we used to
construct our RM maps (similar to the procedure applied by Enf3lin & VogB820@ Murgia et al. 2004).
This result suggests that the fairly homogeneous density distribution irnroutagions (after removing
the galaxy contamination described in Sect. 2.3.4) does not severely biasetfa®e magnetic field
strengths estimated by RM studies if one takes into account the overall ahifygeprofiles o, andB.

For convenience, we derive a formula for ttmas magnetic field strength@) as a function of
the peak ofPjry; and thermsfluctuations ofne. Multiplying Piry With a Heaviside functio®(k) and
ensuring that the intrinsic spectrum isciently steeper thak2, Eqn. 2.16 becomes

(RM?)

1

o f " KPrrug () O(K — kpead k.
0
7PrRM (kpeak) kszeak (2.18)

1

The value ofP[rv(Kpeak) kgeakcan be readfb directly from Fig. 2.6 and combining Eqgns. 2.18 and 2.14
yields an approximate value foy(B2),

oo 27 Pirwi (Kpeak) Koeai
2 ~
<B > J a% /lB |—(JneBZ <ng> (219)
014G PrrM (Kpeal K20 )2 (D )
50 rad nr? 104h2cmr3
1B - L -2 Cnes, -3
(100h—1 kpc) (4 h-1 MpC) ( 27 ) , (2.20)

where we inserted numerical values from our simulation in the last step.

2.4.2 Existence and properties of the WHIM

In this section, we investigate the potential of radio relic observations to timéeinydrodynamic prop-
erties such as density and temperature of the WHIM.

Properties of virializing shocks

Diffusive shock acceleration determines the shape of the CRe spectrumetimbael as a power-
law momentum spectrum (neglecting non-linefieets). Synchrotron losses cause a steepening of this

SWe caution the reader that the particular valu€g, reflects the parametrization of the magnetic field we adopt in our
model, and may be realizedfflirently in Nature. We also note that the value of the correlation factor in theadiative
simulation by Pfrommer et al. (2008) iglCneBZ ~ 6. Further work is required to address this question in the context of MHD
cluster simulations.
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Spectral index projection of largest relic Observed spadtrdex projection
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Figure 2.7: Spectral index map, 2p, between 150 MHz and 1.4 GHz for the largest relic in g72a,
with only the SPH patrticles selected by the relic finder projected (left pandlfa the total emission

in the same region (right panel). The contours show orders of magnituslefexce brightness in mJy
arcmirr?, with the highest contour representing 5 mJy arcrhiatv = 1.4 GHz. Notice the edgefects
that show up in the projection of the single relic where the emission féllsThiese &ects are due to
the sharp emissivity cufbof our relic finder and incomplete sampling of SPH relic particles @edint
frequencies. More importantly, in regions with high synchrotron brightnie spectral index is almost
uniform across the central relic implying that this relic traces a single formatiock wave.
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Figure 2.8: Top: spectral index distributions for our largest relic usimgstandard particular magnetic
field parametrization. 2D spectral index distributiori$e,,p), of the full map and the brightest 20
percent pixels (top left) are contrasted to the radio luminosity weighted disoibaf the 3D spectral
index, dJ, a/da,3p (top right). Bottom left: the median off(e,2p) for the brightest 20 percent pixels
(S, > 12 mJy arcmin? atv = 150 MHz andS, > 1 mJy arcmin? atv = 1.4 GHz) as a function of the
magnetic declinexg with the error bars representing the- percentiles. Bottom right: the median of
dJ, a/de, 3p as a function of the magnetic decliag with the error bars representing the percentiles.
This shows that for the giant radio relic of g72a, the median of the 2D anéDispectral indices agree
statistically and are almost independent of the magnetic deefine
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power-law by one power of momentum. Spatially inhomogeneous virializingksheith a distribution
of shock strengths cause a spatial variation of the spectral index obtiledcCR electron spectrum.
This is reflected in an inhomogeneous distribution of synchrotron spécttek that may help to re-
construct the merging geometry by providing a snapshot of the struatrafion process in a galaxy
cluster.

The spectral indices of the radio surface brightngss and that of the intrinsic 3D emissivity, 3p
are defined by,

2D = —Iog(;:’) (2.21)
V,2D |Og(;;) ) .
_ _'Og(JJvV:a) (2.22)
@y 3D Iog(‘:;) . .

It is unclear ab initio whether the projected spectral index representscthal aleprojected quantity
(@,3p) due to possible superposition oftfidirent radio emitting structures along the line-of-sight. We
study how these two quantities relate to each other, and present 2D spmidsamaps of both the
largest radio relic in g72a and the total emission from the same area (c.FF)jg.We note that more
than 99 per cent of the total radio emission can be attributed to emission withiadteerelic. As a
result, thew, 2p maps are not contaminated by théfdse spurious emission. Note the edgees in
Fig. 2.7 that show up in the projection of the single relic where the emission féll¥lwese &ects are
due to the sharp emissivity cuff our relic finder and incomplete sampling of SPH relic particles at
different frequencies. In regions with high synchrotron brightnesscandgnore these edgdfects,
and the resulting distribution af, >p is fairly uniform (e, 2p) ~ 1.15, witho, ,, =~ 0.04) implying that
this relic traces a single structure formation shock wave.

We further study the distribution at,>p and @, 3p in our largest individual relic to uncover a

connection between them. Probability distribution functions (PDF) are aantstt for bothe, 2p and
a,3p for varying parameters of the magnetic field (cf. Fig. 2.8). To avoid contatioin from edge
effects seen in Fig. 2.7, the,op PDF was made for the brightest 20 per cent of the pixels and the
a,3p PDF was weighted by particle emissivity. These distributions do not chaitgewr choices for
magnetic field parameters implying that the spectral indices are practicallygndept of the magnetic
field and depends mainly on properties of the shock. Another strikindtrieshat the median values
for a,2p anda, 3p are statistically consistent within &- Assuming that the line-of-sight integral is
dominated by one bright relic and choosing a pixel scale that is smaller theemtjte scale on which the
post-shock density varies, we can easily show that the 2D and intrinsip&fral index are identical.
If there are more radio emitting regions contributing to the observed subiagktness, we expect a
concave radio spectrum. Synchrotron cooling as well as re-acceletatid to spectral steepening in
particular at high radio frequencies (Schlickeiser et al., 1987). Futor& is required to address the
associated biases of the relation betwegsb anda,,3p.
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Figure 2.9: Two dimensional observable parameter space for radio ielgzdaxy cluster g72a. Each
symbol represents a relic within g72a and they are characterized by taiaidsity and median of
the 3D spectral index. Shown aobservablerelics (red crosses}heoreticalrelics (blue circles) and
the large relic is emphasized by the bold cross and the filled circle. Thereénd tiv high spectral
indices and a larger scatter for less luminous relics. As shown in Fig. 2.4hsb®f the less luminous
relics from theobservabldo theoretical parameteris a result of the brightest relic swallowing up these
smaller relics due to a decrease of the emission threshold parameter.
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Figure 2.9 shows the observable parameters space of relic luminosity antethan 3D spectral
index. This parameter space compares the shocks strength, which il teldte 3D spectral index
(cf. Egn. 2.27) to the energy dissipated at the shock, which is related teltbduminosity. There is
a trend that strong shocks are associated with the more luminous relics. Tiheatiops of this trend
is that the brightest radio relics should show predominantly flatter spectliaes, which is the current
observational status of giant radio relics (Ferrari et al., 2008).

Predicting pre-shock properties

A majority of the hot gasx 10’ K) found at the centers of galaxy clusters is believed to originate
from the WHIM that is shock heated through large-scale virializing strediommation shocks. These
structure formation shocks are traced by synchrotron emission in forraddb relics from recently
accelerated electrons (cf. Sect. 2.3.3). We have shown that undeufzrconditions, the observed
median 2D spectral index corresponds to the weighted median 3D spedeabifsp (cf. Sect. 2.4.2).
The 3D spectral index can be related to the Mach number of the shocE¢gef. 2.27) under the as-
sumption that we have an ideal fluid with a given adiabatic index. One camabtarmation on the
post-shock values for density, pressure and temperature of the |@Mgihideprojections of deep X-ray
or Sunyaev-Zel'dovich observations (Zaroubi et al., 1998). With theedge of the Mach numbers
combined with post-shock values we calculate the pre-shock conditions €M (the WHIM) using
the Rankine-Hugoniot jump conditions (cf. Appendix 2.9).

We take an optimistic approach and assume that the deprojections of the thbsmalables can be
done ideally such that we use our radial profiles calculated from the sulie aubtended by the largest
relic for simplicity (cf. Fig. 2.10). We define the shock region by locating thdial bins that contain
the majority of shocked relic particles (85%). A small fraction of the relic particles leak into radial
bins adjacent to the shock causing slight enhanced values of the reafizg.pAs mentioned above
we insert the calculated average Mach number and the post-shock vadudenRankine-Hugoniot
jump conditions for density, pressure and temperature to estimate the upper lintitsse WHIM
properties. Our predicted upper limits for pressure and temperature M/Hi® are consistent with
the simulated pre-shock properties within one standard deviation. We notihéhstandard deviation
of these hydrodynamic properties reflect actual physical variatioagaan oblique shock that is not
perfect tangential. Additionally, the particular relic chosen is located Bbgo/2, which is within the
cluster volume. There are other observationally know relics that resitte atirial radius and beyond
(e.g. Bagchi et al., 2006). These relics are better suited to probe the WHIMbic@tion with future
X-ray and multi-frequency SZ data. Thus, this example is to be taken as and&atmn of our concept.

In the following we want to address possible biases with our method andtsladhe discrepancy
between the predicted values and the average radial value of the WHilbkoaxplained by dlierences
between the calculated Mach numbers and the median of the weighted Machmsumie radio relics
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(cf. Fig. 2.11). We find that the weighted Mach numbers have systematicaiy lalues compared to
the theoretical expectation due to the skewed distribution of the emissivity teeighsp. According
to the Rankine-Hugoniot jump conditions, systematically higher values of thekstirength should
over-estimate the jumps and hence under-predict all the pre-shockitopgnvhich appears to be the
case (Fig. 2.10).

2.4.3 Dependence on dynamical state and cluster mass

We study the distribution of radio relics for the entire galaxy cluster sampleghaghows a variety of
both dynamical states (ranging from merging to cool core clusters) angeséa range of almost two
orders of magnitude). In Fig. 2.12, we investigate how cluster mass arairdgal state depend on the
relic luminosity function. In the case of our theoretical parameter spaces massive galaxy clusters
clearly have more radio relics than the lower mass clusters with a power-#ingof Mg-(?o (Fig. 2.13).
For the current observational capabilities, we predict that only the mossiveaclusters should have a
significant sample of radio relics.

Ideally, one would like to directly compare clusters with the purpose of ugiigmumber statistics
as a mass proxy. However, the luminosity functions have another trendh wauses the scatter in
the relationship between clusters mass and total number of relics per clistisrtrend relates the
cluster's dynamical state to the luminosity of their brighter relics. The clust&2a @nd g51 have the
same virial mass.1 x 10'° M@, but g51 is a relaxed cool core clusters in contrast to the active state
of g72a. One can see the two most luminous radio relics of g72a are anafnaeagnitude brighter
than any of g51’s relics. Furthermore, the total amount of relics of g72meater than that of g51.
Merging clusters inherently have more shocks which yields to more higigei@eRes and magnetic
field amplification resulting in more radio relics. This trend is even more seweergaiaxy clusters of
smaller mass (Fig 2.12). Our results show a larger probability of observieticain a more massive
cluster that is dynamically active. This dependence on mass and dynamaialders a possible
explanation for why all current observed radio relics are in massivgimgclusters. They are expected
to be the brightest of a dimmer population of radio relics.

2.5 Discussion

2.5.1 Comparison with previous theoretical work

Previously, there has been analytical work (Keshet et al., 2004ajpianéering cosmological simu-
lations (Miniati et al., 2001, 2000) on studying cluster synchrotron emiss@n shock-accelerated
electrons. The latter authors simulated the non-thermal cluster emission byicailpenodelling dis-

cretised cosmic ray (CR) energy spectra on top of Eulerian grid-bassdalogical simulations. Their
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Figure 2.10: Radial profiles of galaxy cluster g72a restricted to the sofjt aubtended by the largest
relic for the density, pressure and temperature. The shocked regieeiisis the profile at roughly
Roo0/2 and is marked by the black diamonds with one sigma error bars, excepiefolensity profile
where the error bars are too small to show. The predicted pre-shbasksvécrosses) are 7%, ~ 67%
and~ 67% diferent from the average profile values, but fall within the standard tlewiéor pressure
and temperature. Most of this variation is caused by the shock being obingleot perfectly tangential.
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Figure 2.11: Top: median of the Mach number distribution for each relic asetibn of the median

of the distribution function ofy, 3p. Bottom: the observationally relevant quantities are the weighted
distribution functions. Shown are median efyds/dM as a function of 4, 5/de, 3p, where each point
represents a radio relic in cluster g72a. Shownayservablerelics (red crosses}heoreticalrelics
(blue circles) and the large relic is emphasized by the bold cross and thecfibdel The dashed line

is the theoretical Mach number computed from directly fromdhep (cf. Appendix Egn. 2.27). The
theoretical Mach number over-predicts the median of the weighted Macharuchle to the weighting

of a,,3p by the skewed distribution function of the radio luminosity.
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Figure 2.12: Luminosity functions for our sample of 10 clusters with the highsrmohssters i >

2 x 10"hMp) in the upper panels and the low mass clusters in the lower panels for odastan

magnetic model at 150 MHz (see Table 2.3.2). The left panels contain relind fising the observable

parameters and the right panels contain the theoretical parameters. Theditynfanctions from the

observable parameters show that more massive clusters have relics whitealss clusters have no

relics (with g1b and g72b being the exceptions in both cases, respektiVlaly cumulative luminosity

functions from the theoretical parameters show the trend for higher masters to contain more relics

and dynamical cluster stage modulates tiiise notably, especially at low cluster masses. For instance

compare the luminosity functions of the equal mass clusters g51 and g72atttéveof which is a

post-merging cluster.
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Figure 2.13: Relation between the number of radio relics within a galaxy clastethe cluster mass,
where each point represents one of our simulated clusters and the Inresa@apthe best fit power-law

that scales aM%)O. There is a trend for higher mass clusters to contain more relics.



2.5. DiscussioNn 45

approach neglected the hydrodynamic pressure of the CR proton conipwas quite limited in its
adaptive resolution capability, and neglected dissipative gas physicslimgltadiative cooling, star
formation, and supernova feedback. To allow studies of the dynanfiesit® of CR protons in radia-
tively cooling galactic and cluster environments, a CR proton formalism weslagzed that is based
on smoothed particle hydrodynamical representation of the equations oimiBfremmer et al., 2006;
EnRlin et al., 2007; Jubelgas et al., 2008). The emphasis is given to thentbal impact of CR pro-
tons on hydrodynamics, while simultaneously allowing for the important CR priojection and loss
processes in a cosmological setting. Pfrommer et al. (2008) modelled thee€@Re components due
to shock acceleration as well as those being produced in hadronic @shpnberaction with ambient
gas protons. Using this formalism and modelling, Pfrommer et al. (2007,)20@BPfrommer (2008)
coherently studied the non-thermal cluster emission, the cosmic ray pgessuponent, and its impli-
cations for thermal cluster observables such as the X-ray emission aguitlyaev-Zel'dovich gect.
The focus of Miniati et al. (2001) was on primary CRe synchrotron emmsiimm galaxy clusters as
a whole, whereas we focused in this work on the emission from individliasna detail to study the
synchrotron observables and how they are sensitive to the large scgleeticaproperties. To sum-
marize, we have improved on past work in the observable predictions, siomdand observational
understanding of non-thermal emission from primary accelerated CRe.

Additionally, we point out that IC angl-ray emission are alternate ways to study structure formation
shocks. This was proposed in analytical work by Loeb & Waxman (288@)in simulations (Miniati,
2003; Keshet et al., 2003; Miniati et al., 2007; Pfrommer et al., 200&nRfrer, 2008). We are opti-
mistic that high energy-ray experiments, such as the Feriay space telescope (formely GLAST)
and future imaging ai€erenkov telescopes, will aid in further developing the picture of nomthkr
emission at structure formation shocks.

2.5.2 Assumptions

In our attempt to model eluse radio relic emission from galaxy clusters, we have made several sim-
plifying assumptions. (1) We assume the modified thermal leakage model fullyilikes the process
of diffusive shock acceleration and did not vary the parameters associatat Whke described obser-
vations allow one to test the self-consistency of this hypothesis, and mighy falaw improvement
of our knowledge about ffusive shock acceleration in highplasmas. (2) We neglect at this point the
modifications of this simple model due to non-linear shock acceleration, asgvelbsmic ray modi-
fied shocks, and postpone their study until future work. (3) We alstenere-acceleration of mildly
relativistic electrons that have been injected in the past either by formatmrkstor other sources
such as AGN. (4) We use a simple parametrization for the magnetic field. @neiadications that
the main characteristics of this model are realized in clusters on average&\Eni3lin, 2005; Murgia
et al., 2004). Future work has to be dedicated to study the distribution ofetiadields that follow the
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magneto-hydrodynamics in radiative simulations. (5) We are solving foraagtstate spectrum of the
electron population and are not sensitive to spectral aging processss ¢he relic as they may have
been found recently by Giacintucci et al. (2008). (6) In our model, saime the thermal reservoir to
be the source of electrons. (7) In our analysis, we only consider tatan measure signal from the
line-of-sight integration of the density weighted parallel magnetic field. i@ty neglect possible
contributions from magnetic field amplifications due to post-shock turbulemes to the shock wave
(Vladimirov et al., 2006; Ryu et al., 2008). These questions are beyanddbpe of this work and
will be studied elsewhere. (8) The mass contained within the relics is notsagaltly relevant quantity
and stifers from the finite resolution of the SPH technique at the dilute shocks in tiaé& régions of
clusters and beyond. The radio luminosity, however, is a robust prediaiibin a given acceleration
model since it reflects conserved quantities such as energy and mass ther shock.

2.6 Conclusions

The intermittency and inhomogeneous nature of structure formation shoeksharacterized by a
highly non-Gaussian distribution function. This requires numerical simulatiorstudy the implied
non-universality of the induced radio relic (or gischt) emission. It is Hardonceive of an adequate
analytical approach to this problem. Observing the polarized emission ofipls®f relics at diferent
frequencies enables us to gain insight into the non-equilibrium procass&sk — in particular into the
interplay of large scale magnetic fields and structure formation shockstelédvant observables of the
relics include morphology, spectral shape, relic luminosity function anddegrrotation measure. The
theoretical implications of radio relic observables are as follows:

We model the shock acceleration of electrons at formation shocks and &hthémorphologyof
radio relics unambiguously characterises the underlying structure @balisgy shock waves (Fig. 2.1).
The resulting simulated relics are very similar to the observed relics and tppsswur hypothesis.
Their positions identify regions that are not in equilibrium and where thdreleand ion temperatures
are expected to show strong deviations due to the comparatively long Couteab free path that
governs their equilibration process.

Therelic luminosity functions sensitive to the combination of normalization and scaling properties
of the magnetic field with thermal energy density as well as the electron aattetegficiency, the mass
and dynamical state of a cluster. Thus, it can provide hints about thegses that generate these large
scale fields and can help to disentangle the dominant transport proedssbésinclude #ects from
magnetic flux freezing and growth by turbulent dynamos.

Therotation measure (RM) maig sensitive to the line-of-sight integrated magnetic field. From the
mean and variance of RM maps, we can infer the location of the formatiork stitit respect to the

cluster center as the variance increases as a function of integration (&ogith2.14). This helps in con-
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straining the geometry of the merger. Deprojecting the 2D RM power speemnainles one to measure
the 3D magnetic power spectrum, under the assumption that the behaviouetédtren density along
the line of sight can be obtained from X-ray measurements. The peak 8btipewer spectrum yields
the total magnetic energy and the magnetic coherence laggterforming this procedure forfiierent
relics or for diferent regions of one large relic allows us to estimate the variantg afross the cluster
and might possibly tell us about the nature of MHD turbulence. We fourtdhkacorrelation between
ne andB biases themsmagnetic field strength derived from RM maps high if this is not taken into ac-
count; we note that most works have done so. This correlation shoulddtei@l consequence of MHD
effects such as flux freezing. If systematic errors associated with RM stadiesnaller than statistical
ones, we find that measurements of the small scale slope of the RM powguspare accurate enough
to differentiate between Kolmogorok®/3) and BurgersK=2) turbulence spectra. The interpretation
of these slopes is however not straight forward and needs to acfmowant additional flattening due to
small scale fluctuations ine.

The spectral indexof a power law spectrum of a radio relic is a measure of the shock strefgth o
that relic. The median spectral index of a distribution of relics probes aliision of virializing shocks
and can give an indication of CR proton injection. This is of particular relegdor questions con-
cerning the pressure contribution of non-thermal components and sradtgarison with predictions
of hydrodynamical simulations. The shape of the spectrum is sensitive artederation mechanism
of the relativistic electrons and to their cooling processes. The variatitireagpectrum over the relic
allows one to infer in situ magnetic field strengths by comparing the synchrat@iC cooling times to
the advection time downstream provided that the magnetic energy densityrisunbtsmaller than the
CMB energy density. This might constrain models for the magnetic amplificatisimoaks in high beta
plasmas. A radio relic’'s luminosity is roughly correlated with the shock strenigths, it is favourable
to look for radio relics in large, dynamically disturbed clusters, or use radtections as a proxy for
dynamical activity of clusters (Schuecker et al., 2001).

We demonstrated that the combinationtloé relic spectral index with deprojected X-ray and SZ
profilesallows one to indirectly infer upper limits on the density and temperature of the Wwatinter-
galactic medium. Simulations show that the WHIM is not uniform, rather it is cleniaed by highly
inhomogeneous structure that shows intermittent accretion events thatareeted mostly through
filaments.

We predict that there will be a large sample of polarized radio relics fromnsiderable number
clusters in the near future. This sample should allow one to constrain maprosnodel parameters,
which are expected to be higly non-Gaussian, using a joint analysis methibeé oadio observables.
For example, the combination of the relic luminosity function, RM power spextray and SZ mea-
surements should constrain the models dfudive shock acceleration and large scale magnetic fields.

Future work will address the details of this procedure.
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2.7 Appendix: Interpolating and projecting SPH quantities

In the course of this work we are required to interpolate our Lagrangiargg density distribution as
given by SPH on a 3D grid. We remind the reader that the SPH smoothingl kéran SPH particle,
W(r —ral, hy), is given by Eqgn. A.1 of Springel et al. (2001b). It is normalized in thetmuum such
that [ W(r,h)d® = 1. A scalar fieldx(r)® is interpolated onto a 3D grid cell aty by the product of
itself with the specific volumé,/p, Of the gas particles over a comoving cube,

1 Ma
X(rij) = @ ; Xag(wa,ijk(”ijk —ral, ha), (2.23)
whereLSiX is the comoving volume of the grid cell and we define the normalized 3D smootkimglk

of SPH particlea at the grid positiom;j by

W(Irijk — ral, ha)
Yijk W(rij — ral,ha)’

W(Irijk — ral,ha) = (2.24)
We note that the normalized interpolation conserves the interpolated quarititly stithout any further
requirement on the grid size.

Similarly, we employ the method of normalized projection of a three dimensionalsgRldr fields
X(r) to perform projection integrals yielding the quantiyr ;). In analogy to Eqn. 2.23 we obtain

1 Ma
XOwip) = 7= D %, Yy (i = Fal. e (2.25)
pix a
WhereLSix is the comoving area of the pixel and the normalized 2D projected smoothinglkérSPH

particlea at the grid position | j; derives from the projected SPH kern€lr  jj|, ha) and is given by

Y(Ir Ljj — ral, ha)

y rii —r ’h = :
(l L.1] al a) lek Y(|FL,|J - ra|’ ha)

(2.26)

2.8 Appendix: Theoretical emission threshold

The emission threshold for thabservable parameteendtheoretical parameterdiffer by 12 orders of
magnitude. This dynamic range is beyond the ability of any future telescofpedrorizon. Varying the
emission threshold of ouheoretical parameterby six orders of magnitudes only very weaklffects
our results. In particular, we show in Fig. 2.14 that such a dramatic varibismonly little influence on
the high-end of the radio relic luminosity function.

5We note that in generak has to be a thermodynamic extensive volume density such that the prokllip is extensive.
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Figure 2.14: Cumulative luminosity functions forfidirent values of the emission cétoThis shows
the robustness of our predictions for future instrument capabilities.
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2.9 Appendix: Rankine-Hugoniot conditions

The three dimensional spectral index can be transformed into a Mach nuvib¢ENlin et al., 2007),
if one assumes an ideal fluid that is characterized a a single adiabaticyindex

_ | 4(Q+ay3D)
M=, /1+ e 2.27)

Under these conditions, the well-known Rankine-Hugoniot jump conditibow & relate the hydro-
dynamic post-shock quantities (denoted with a subscript 2) to the pré-ginaatities (denoted with a
subscript 1),

p1 (y—IM?+2

p2 DM (2.28)
L (y + 1PM2 + 2

T [2M - (- - DM +2] (2.29)
e = TARoTD (2.30)

P, M- (y-1)
Phenomenologically, we show in Fig. 2.11 that Egn. 2.27 under-predics/drage/ M) if one were
to infer M from spectral index maps. This translates into an upper limit for the predmtdhock
density. In the case of temperature and pressure, the under-predittiom averagé M) leads to an

over-estimation of the pre-shock values which translates into lower limits foraeatyre and pressure
(Egns. 2.29 and 2.30).



Chapter 3

Simulations of the Sunyaev-Zel'dovich
Power Spectrum with AGN Feedback

A version of this chapter has been published in the Astrophysical Joam&Simulations of the
Sunyaev-Zel'dovich Power Spectrum with Active Galactic Nucleus FektBattaglia, N., Bond, J.

R., Pfrommer, C., Sievers, J. k&,Sijacki, D. 2010, Volume 725, pp. 91-99. Reproduced by permission
of ApJ.

3.1 Chapter Overview

We explore how radiative cooling, supernova feedback, cosmic rmysaew model of the energetic
feedback from active galactic nuclei (AGNJfect the thermal and kinetic Sunyaev-Zel'dovich (SZ)
power spectra. To do this, we use a suite of hydrodynamical TreePMs8Rulations of the cosmic
web in large periodic boxes and tailored higher resolution simulations ofithdiVgalaxy clusters. Our
AGN feedback simulations match the recent universal pressure profilelaster mass scaling relations
of the REXCESS X-ray cluster sample better than previous analytical or ncahapproaches. For
multipoles¢ < 2000, our power spectra with and without enhanced feedback are simitzgesting
theoretical uncertainties over that range are relatively small, althougbntmalytic and semi-analytic
approaches overestimate this SZ power. We find the power at high-200000 multipoles which ACT
and SPT probe is sensitive to the feedback prescription, hence catrainrihe theory of intracluster
gas, in particular for the highly uncertain redshift®.8. The apparent tension betweaegnfrom primary
cosmic microwave background power and from analytic SZ spectra @dfersing ACT and SPT data is
lessened with our AGN feedback spectra.

51
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3.2 SZ Power Templates and the Overcooling Problem

When CMB photons are Compton-scattered by hot electrons, they gaiyyegiwing a spectral decre-
ment in thermodynamic temperature belew 220 GHz, and an excess above (Sunyaev & Zeldovich,
1970). The high electron pressures in the intracluster medium (ICMjtriesciuster gas dominating
the efect. The integrated signal is proportional to the cluster thermal energthandfferential signal
probes the pressure profile. The SZ sky is thereforefat#ve tool for constraining the internal physics
of clusters and cosmic parameters associated with the growth of structy@ticular therms ampli-
tude of the (linear) density power spectrum on cluster-mass se¢akgsg., Birkinshaw, 1999; Carlstrom
et al., 2002). Identifying clusters through blind SZ surveys and meagthenSZ power spectrum have
been long term goals in CMB research, and are reaching fruition thriggBouth Pole Telescope, SPT
(Lueker et al., 2010) and Atacama Cosmology Telescope, ACT (Fowddr, &010) experiments. The
ability to determine cosmological parameters from these SZ measurements is limitesl dystematic
uncertainty in theoretical modelling of the underlying cluster physics andenehthe SZ power spec-
trum. The power contribution due to the kinetic SZ (kS&get that arises from ionized gas motions
with respect to the CMB rest frame adds additional uncertainty.

There are two main approaches to theoretical computations of the thermé&&Bypower spec-
trum: from hydrodynamical simulations of SZ sky maps or from semi-analytistiinates (Bond et al.,
2002, 2005, B0205). Large cosmological simulations providing a gdstsagal solution to the pres-
sure distribution should includetects of non-virialized motions, accretion shocks, and deviations from
spherical symmetry. Averaging over many realizations of synthetic SZ isfgations yields the power
spectrum and its variance (e.g., B0205; da Silva et al., 2000; Springk| 2001a; Seljak et al., 2001;
Schéfer et al., 2006a). In conjunction with primary anisotropy signals anchgatactic source mod-
els, the SZ power spectrum has been used as a template with variable amplitufte extracting
cosmological parameters by the Cosmic Background Imager (CBI) teag0@B®&ievers et al., 2009)
and the ACBAR team (Goldstein et al., 2003; Reichardt et al., 2008g). was used to estimate a
0gsz Aég as a way to encode tension between the SZ-determined value and the ¢evedrtained
from the primary anisotropy signal. The CBI team also has included antanaipdel (Komatsu &
Seljak, 2002, KS) which was also the one adopted by the WMAP team @pral., 2007). The KS
template yielded a lower value forg sz than that obtained with the simulation template,y0%.
The KS model assumes a universal ICM pressure profile in hydrostaiiGbeium with a polytropic
(constant’) equation of state. The power spectrum is then obtained using an analigithiiio model’
abundances. So far the SPT and ACT have only used the KS template elated semi-analytic one
(Ostriker et al., 2005; Bode et al., 2009). This model (Sehgal et alQ,2810) allows map genera-
tion by painting dark matter halos in N-body simulations with gas. It expands®byKcalculating
the gravitational potential from the DM patrticles, includes #edtive infall pressure, adds simplified
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Table 3.1: Summary of periodic box simulations

Box size  Npwm + Ngas Myas Myas &s Number of simulations
[h~ Mpc] [h"Me] [h*Mg] [htkpc] Shock heating Radiative cooling AGN feedback
165 2x 256° 32x10° 154x 109 20 10 10 10
330 2x 5128 32x10° 154x10% 20 1 1 1
100 2% 64° 46x 100 219x10% 52 1 1
100 2% 96° 1.3x 10 6.49x 10 35 1 1
100 2% 128 57x10° 274x 109 26 1 1
100 2x 196 17x10° 812x10° 18 1 1
100 2x 256 71x10°  342x 10 13 1 1

models for star formation, non-thermal pressure support and eneegipéck which are calibrated to
observations. Using these templates, the SPT team derivgg@alower than the primary anisotropy
osg(e.g., WMAP7, Larson et al., 2010).

Current simulations witlonly radiative cooling and supernova feedback excessively overetas!
ter centers (e.g. Lewis et al., 2000), leading to too many stars in the couaparysical rearrangement
of the thermal and hydrodynamic structure, and problems when compaobdéovations, in particular
for the entropy and pressure profiles. The average ICM pressafieegfound through X-ray observa-
tions of a sample of nearby galaxy clusters (Arnaud et al., 2010) is ilgtensthe KS analytic model
(Komatsu et al., 2010). Adaptive-mesh cluster simulations (Nagai et al7) 2@%e been found to be
consistent within the observed Arnaud et al. (2010) pressure profdertainties, which become large
in the cluster core region. Pre-heating (e.g. Bialek et al., 2001) and A@btblack (e.g. Sijacki et al.,
2007, 2008b; Puchwein et al., 2008) help solve the over-cooling proate improve agreement with
observed cluster properties.

Previously, an analytical model by Roychowdhury et al. (2005) hpkexd the &ects of éferves-
cent heating on the SZ power spectrum and Holder et al. (2007) usai-@ealytical model to calculate
how an entropy floor fiects the SZ power spectrum. There have been several simulations oy gathx
group scales that have studied how ‘quasar’ feedback impacts the Iot@@ement (Thacker et al.,
2006; Scannapieco et al., 2008; Bhattacharya et al., 2008; Chattegkee2008). In this work we ex-
plore whether AGN feedback incorporated into hydrodynamical simulatibsucture formation can
suppress the over-cooling problem and resolve the current incomsydtetween theoretical predictions
and observations of the SZ power spectrum and X-ray pressuréeprofi
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3.3 Modeled physics in our simulations

3.3.1 Cosmological simulations

We pursue two complementary approaches using smoothed particle hgdroaty(SPH) simulations:
large-scale periodic boxes provide us with the necessary statistics limde/to measure the SZ power
spectrum; individual cluster computations allow us to address over-coatitggher resolution and
compare our AGN feedback prescription with previous models. We useddifietbversion of the
GADGET-2 (Springel, 2005) code. Our sequence of periodic boressizes 100165 330h~ Mpc.
The latter two usedNpy = Ngas = 256° and 512, maintaining the same gas particle Magps =
3.2x10°h 1 Mg, DM particle massnpy = 1.54x 101°h~1 Mg and a minimum gravitational smooth-
ing lengthes = 20h~1kpc; our SPH densities were computed with 32 neighbours. For our sthnda
calculations, we adopt a tilteiCDM cosmology, with total matter density (in units of the critic@l),=
Qpm + Qp = 0.25, baryon densit@y, = 0.043, cosmological constaéiy, = 0.75, Hubble parametér=
0.72 in units of 100 km& Mpc™?, spectral index of the primordial power-spectrag= 0.96 andrg =

0.8. A summary of the box simulations is provided in Table 3.1. For the ‘zoonas#sc(Katz & White,
1993), we repeatedly simulated the cluster ‘g676'(with the high resolutigg = 1.7 x 10®h1 Mg,
mpw = 1.13x 10°h™t Mg andes = 5h™* kpc, using 48 neighbours to compute SPH densities, as in
Pfrommer et al. 2007).

We show results for three variants of gas heating: (1) the classic riative ‘adiabatic’ case with
only formationshock heating(2) an extendedadiative coolingcase with star formation, supernova
(SN) feedback and cosmic rays (CRs) from structure formation sh@k8GN feedbackn addition to
radiative cooling, star formation, and SN feedback. Radiative coolidghaating were computed as-
suming an optically thin gas of a pure hydrogen and helium primordial compogitetime-dependent,
spatially uniform ultraviolet background. Star formation and supernésadback were modelled us-
ing the hybrid multiphase model for the interstellar medium of Springel & Haest@2003a). The CR
population is modelled as a relativistic population of protons described byoaopsc power-law dis-
tribution function in momentum space with a spectral index &f 2.3, following Enf3lin et al. (2007).
With those parameters, the CR pressure modifies thefi@gtext most at the percent level and causes a
reduction of the resulting integrated Comptpparameter (Pfrommer et al., 2007).

3.3.2 AGN feedback model

Current state-of-the-art cosmological simulations are still unable to spdartie range of scales needed
to resolve black hole accretion. Hence a compromise treatment for AGNbdekds needed. For
example, Sijacki et al. (2007) and Booth & Schaye (2009) adopted essimidiack hole accretion rates
based on the Bondi-Hoyle-Lyttleton formula (Bondi & Hoyle, 1944). Heedntroduce a sub-grid AGN
feedback prescription for clusters that allows for lower resolution stdllaence can be applied to large-
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scale structure simulations. We couple the black hole accretion rate to thd glabformation rate
(SFR) of the cluster, as suggested by Thompson et al. (2005) using/ltveihg arguments. The typical
black hole accretion rates and masses for the inner gravitationally stabledf&8I(of sizes 1pc) are

~ 1Mg/yr and~ 10° M. Since AGN lifetimes are much longer than 1 Myr, mass must be transferred
from larger radii to the inner disk. However, at much larger radii this odisk is gravitationally
unstable and must be forming stars. Thus, in order to feed the AGN, stabdilyn@nts suggest that
the rate of accretion must be greater than the SFR. For simplicity we assunMgihat M. We inject
energy into the ICM over a spherical region of sRgsn about the AGN, according to

Einj(< Ragn) = &rMy (< Ragn)C?At (3.1)
if My (< Ragn) > 5Mgo/yr.

The duty cycle over which the AGN outputs energyisande, is an ‘dficiency parameter’. (As we
describe below, the calculatedtieiency for turning mass into energy is much smaller teah We
have explored a wide range of our two parameters, but the specificeshniade for the figures are
At = 10° yr ande, = 2 x 1074, Since feedback and galactic superwinds are ubiquitous when the SFR
per unit area is 1M /yr kpc? (Heckman, 2002), we require a minimum SFR of 5Mr to activate
AGN heating in the housing halo, which corresponds to the value for a tygigxraforming galaxy.

Given the output AGN energy, we must prescribe how it is to be distribut@dr procedure is
motivated by the way Sijacki & Springel (2006) did AGN heating via bubblgsing an on-the-fly
friends-of-friends (FOF) halo finding algorithm in GADGET-2 with a linkingn¢gh of 0.2, we deter-
mine the mass and center of mass of each halo Mith, > 1.2 x 10>h~1 M. We calculate its global
SFR within the AGN sphere of influence of radius

(3.2)

13
RagN = max{lom‘lkpc[ Mhaio } UAGN}

10%h-MgE(22| "1+z
whereuagn = &s andE(2)? = Qm(1 + 2° + Q. Within the halos we partitiorfEin onto those gas
particles inside oRagn according to their mass. We have varied the prescriptiofRfes and its floor
uacn (chosen here to be the gravitational softeniglg the specific numbers given in eq. 3.2 (and4gr
match previous successful models that suppress the over-cooling msmEAGN feedback (Sijacki
et al., 2008b, see Sect. 3.4.1). DefinlRgas the radius at which the mean interior density egials
times the critical density¢(2) (e.g., forA = 200 or 500), then the ratio &agn t0 Rygp IS @ constant
~ 0.05.

Although we have referred to our feedback mechanism as being chyg8@N outflows, radiation
pressure from stellar luminosity acting on dust grains will serve much the parpese, and could also
deliver high dficiencies (e.g. Thompson et al., 2005). In the code, we have so fad &ggles a pure

heating component, but it should allow for a mechanical, momentum-driven aaimgonent as well,
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which would not be as prone to catastrophic cooling and likely decreass tieeded for useful star
formation suppression.

The relevant energy budget is not in fact definedchybut rather by a redshift-dependefiieztive
feedback éiciencyees = ZiEinji/[Mx(< 1) c?], where we sum over every energy injection event (la-
beled byi) and we calculate the stellar mak. (< r) within a given radius. In all casesgr < &,
because: (i) heating suppresses the stellar mdss created ovent, making it quite a bit less than
the stellar mas$/, At that would have formed without any feedback; and i is a stochastic vari-
able, which we find to be zero about half of the time because the requirdd&hold is not achieved.
With our fixede, — Ragn prescription, our canonical g676 example as ~ 5 x 107° for the entire
simulation; if all energy had been released within the fRadn, ser Would be 8x 107°, but feedback,
especially at early times, is much more widely distributed. Of a tgl= 9 x 10°*ergs for g676 we
find 58% is delivered in the cluster formation phases at2, another 23% is delivered in the redshift
range 1< z < 2 that can be probed with ACT and SPT resolution, and only 19% comestfrem
longer period below redshift 1. Feedback prescriptions with smel}gwhich still give the desired star
formation suppression need further exploration.

3.4 Pressure Profiles

3.4.1 Testing AGN feedback as resolution varies

AGN feedback self-regulates the star formation and energetics of arcluat&ig. 3.1 we compare
the fraction of baryonsf{) and stars {sia) as functions of cluster radius for the high-resolution ‘g676’
simulations. Our radiative simulation produce§ 4 2 times more stars than those with AGN feedback.
Our sub-grid AGN model nicely reproduces the results in Sijacki et aD§B] It should also produce
reliable results in the cosmological box simulations in which over-cooling is msss because of the
lower resolution. There is significant sensitivity to the value chosen fofgébdback parametef;:
doubling it lowersf, by a factor of 1.5, halving it increasds,, by 1.4. The 1001 Mpc simulations
were used to study the resolution dependence of our feedback modeiyipg Ngl;ﬁ in steps from
64 to 256, withes and hencauagn (eq. 3.2) decreased accordingly. Bssn decreasedfsiar Within
Rsoo increased almost linearly for radiative cooling, whereas for AGN feeHlthe increases were less.
This can be traced to the hierarchical growth of structure since in loaiusn simulations: the small
star forming systems are under-resolved; this decreases the SFR thatesedir AGN feedback; and
this lowers the overall number of stars produced in the simulations. This/ioeinas seen in other
AGN feedback models (Sijacki et al., 2007) and has been extensivaliedtin non-AGN feedback
simulations by Springel & Hernquist (2003b).
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Figure 3.1: Shown aré, (dashed lines) andi, (solid lines) normalized to the universal valuig &
0.13) assumed in our simulations of our cluster g676 Wiy = 6.8 x 1013h™! M. The blue lines are
for the simulation with radiative cooling and star formation while the red andgardines are for our
AGN feedback modelgt = 2 x 1074, M, > 5Mg/yr) and that by Sijacki et al. (2008b), respectively.
The data points are observations by Gonzalez et al. (2007) and Afglal. (2007).fstaf< Rsog) from
X-ray measurements also agrees well, but the errors are large. Ogrisutmodel matches the results

from Sijacki et al. (2008b) in this high resolution simulation well.
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3.4.2 Stacked pressure profiles

For every halo identified by our FOF algorithm, we calculate the center of,iIRasthe masdi within
Rx and compute the pressure profile (i.e. volume averaged pressure wilttancs shells) normalized
to Po = GMaA per(2) fo/(2R4), with f, = Qp/Qm (Voit, 2005) and radii scaled bigy. We then form a
weighted average of these profiles for the entire sample of clusters et mgidshift. For Fig. 3.2, we
have weighted by the integrated y-parameter,

oT Ra

— 2 oC
= s Pe(r)4nr?dr o Eg(< Ry), (3.3)

Ya

whereot is the Thompson cross-sectiomg is the electron mass arfe, is electron pressure. For a
fully ionized medium the thermal pressuPe= Pe(5XH + 3)/2(XH + 1) = 1.932P,, whereXy = 0.76 is
the primordial hydrogen mass fraction. Splitting the clusters into a number of nias gives similar
results to this monolithi', weight, as does weighting bgg. We have found that a simple parametrized
model

P/Psoo = A1+ (x/%)?]™* , x = r/Rsoo, (3.4)

with core-scalex;, amplitudeA, and two power law indicesy andvy, fits better than with a fixed.
Sample values for our AGN feedback ake= 44, %x; = 1.5, @ = 0.65 andy = 6.2 atz = 0; generally the
parameters depend upon cluster mass and redshift, which will be exjfofetire work. Atz > 1, a
more complex parametrization is needed.

In Fig. 3.2, we show average pressure profiles multipliedkbyo make themx dEg/dInr, the
thermal energy per logarithmic interval in radius, and henceMg/dInr. All profiles of dEg/d Inr
from simulations and observations peak at or befyg, but an integration to at leasR4gg is required
for the total thermal energy to converge. By contrast, the KS profile doedrop over this range due
to the constancy df and does not include the outer cluster phenomena of asphericity, anshtoks,
etc. Throughout this paper, we have computed the KS model with an updatedrdoation parameter
given by Dufy et al. (2008). We also show a scaled average S10 pressure pofidugters with
10"Mg < Msgo < 5 x 10 and redshift< 0.2. The S10 profile has been weighted Yyyand agrees
well within Rspg and with a slight excess pressure bey&agb.

Fig. 3.2 shows our feedback model traces the observed "universedyXrofile of Arnaud et al.
(2010) shown as a dark-grey band rather well witRige. This fit came out naturally, with no further
tuning of our feedback parameters beyond trying to agree with the Sijaeki £008b) simulation.
Our models without AGN feedback have larger pressures iRige For the light grey band beyond
Rsoo, the universal X-ray profile did not use observations, but was fintaaerage profile of earlier
simulations so the deviation Rsog does not represent a conflict of our profiles with the data, rather
with the earlier simulations. The band shown for the X-ray profile givesideccorrection for the bias
in Msgp and Rsqg resulting from the Arnaud et al. (2010) assumption of hydrostatic equifirilthis
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Figure 3.2:Top: Comparison of fits to normalized average pressure profiles from anabftialations,
simulations and observations, scaled byRéoo). For a cluster oMsgp = 2 x 10'*h~1Mg), we show
fits to our SPH simulations (red), and compare them with the analytic KS proféerfy the semi-
analytic S10 average profile (light green), and a fit to AMR simulations gteztiprofile by Nagai
et al., 2007, private communication; orange). Our feedback model nsa#ctieto X-ray observations
(Arnaud et al., 2010, grey bands) withRsgo well; only the dark grey part is actually a fit to the data,
with the light grey their extrapolation using older theory results unrelated tdatee We illustrate the

1 and 20 contributions toY, centered on the median for the feedback simulation by horizontal purple
and pink error bars2nd panel: We compare fits to our AGN model at redshaft= 0 (red solid) to

all our three models at redshitt = 1 (blue). Shown are thecierror bars of the cluster-by-cluster
variance of the weighted averages in our AGN models using correspolglimigr colors. 3rd panel:
We show the ffective adiabatic indek for our simulations, comparing it with KS (dash-dotted) and
with a constant 1.2 (light greenBottom: The distribution of kinetic-to-thermal energy in percentile
decades is indicated by the dots for the feedback case, with the mediam i@l three models; thus,
there are significant additions to pressure support even in the coseaulfted clusters, and even more
so in the SZ-significant outer parts.
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yields mass values which are on average 25% too low (Nagai et al., 280Te band represents a
0-25% uncertainty irMsoo. This change only fiectsRso o« MZ23 and PsooRE,, o Mohs but does not
affect the shape of the profile. (However, as the bottom panel showsastarrection from turbulence
and un-virialized bulk motions (Kravtsov et al., 2006) will depend upoiusadnd selection function of
the X-ray clusters used to make the fit.)

Another important issue is the relation betweenYheand cluster mass. We fit our results for this

to the scaling relation
Ys00 = 10% (Msoo/3 x 10M h73 M)A ho2/? Mpc?, (3.5)

wherehyg = 0.7 x 100 km s Mpc™. Parameters from our simulation aBe= (-4.73+ 0.17, -4.81 +
0.18,-4.79+ 0.19) andA = (1.64 + 0.03,1.69+ 0.03,1.73 + 0.04) for the sequence (1) shock heating,
(2) radiative cooling and (3) AGN feedback. These values are similaet&th —4.739+ 0.003 and
A = 1.790+0.015 found by Arnaud et al. (2010), as well as Bhe —4.713+0.004 andA = 1.668+0.009
found by S10. We note that Arnaud et al. (2010) actually used a masg prplace ofMsqq, so their
errors are not representative of the true observational scatter v th# scaling relation. The AGN
feedback model of Sijacki et al. (2007) was also able to reconcile théecldsray luminosity and
temperature scaling relation (Puchwein et al., 2008).

We find a large variation in the outer pressure profiles beyRpd especially at redshift ~ 1 as
is shown in the second panel of Fig. 3.2. These regions may have gg)-aad external but nearby
groups on filaments, most of which will eventually be drawn into the clustarsspite of the large
variance of the scaled profiles, the fit to the profilez at 0 follows the average. At larger redshift,
however, our fitting formula will require more degrees of freedom thanginse9 to reflect the range
of behaviour of the highly dynamical outer regions. Additionally, we findghmallest variations in the
average scaled profiles are arouRg, thus the normalization bfpsgg o Mgé% is consistent between
our simulations and Arnaud et al. (2010) observational profiles-ad.

3.5 SZ Power Spectra from Hydrodynamical Simulations

3.5.1 Stacked SZ power spectra of translated-rotated cosragical boxes

We randomly rotate and translate our simulation snapshotdtatetit redshifts (da Silva et al., 2000;
Springel et al., 2001a, B0205). To obtain thermal Comptanaps, we perform a line-of-sight inte-
gration of the electron pressure within a given solid angle,y.es ot fnek Te/(Mec?) dl, wherek is

the Boltzmann constant, and T are the number density and temperature, respectively. We construct
1.6°x1.6°and 32°x3.2°maps for the 256and 513 simulations, respectively. Using this method there
are large sample variances (White et al., 2002) associated with nearbgr dastamination. We have
guantified their influence on the power spectrum for each of our thrggiggmodels by averaging over
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Figure 3.3: Predictions for the tSZ power spectrum at 30 GHz from ourlations (red and purple
symbols), simulations by Springel et al. (2001a) (orange triangles), sinmsay Bond et al. (2005)
(orange pluses), semi-analytical simulations by S10 (dark green) ahgdiaal calculations by KS (light
green). The 256power spectra (red symbols) are averages over 12 translate-rotateaSgand 10
separate hydrodynamical simulations for each of the 33 redshift bingotier spectra of which are then
added up to yield the total spectrum; the error bars show the variance ahepgwer in all maps. The
full-width half-max values appropriate for Planck, ACT and SPT show tvpart of the templates these
experiments are sensitive to. At lofythe discrepant higher power in the semi-analytical calculations
can be traced to the enhanced pressure structures assumed Bgyoover what we find.
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twelve translate-rotate viewing angles each projected from our tehfabBydrodynamical simulations
for each of the 33 redshift outputs back to a redshift5; the power spectra of which are then added up
to yield the total spectrum. This method of computing the power spectrum hadvhetage of taking
care of the artificial correlations that occur because any individuallation follows the time evolution

of the same structure. For the shock heating case, we did ten more hgdroital simulations to show
that our averaged template had converged (witi®%), but note that using only a few boxes can be
misleading in terms of rare events.

The computationally more expensive 5137 spectra have the equivalent of 8 38us wider cov-
erage, so the 58&hock heating result shown gives a reasonable indication of what ézexfhe other
2 physics single-box cases at 8H2e similar to the 256ensemble means. The analytical approach has
the great advantage of including an accurate mean cluster density to thigmasses, but to be usable
for SZ power estimation, scaled pressure profiles must also be accasibject we turn to in future
work. For now, we note that using such profiles from our simulationssgi@d agreement with the
average SZ power shown at the Iédwvhere sample variance will be largest. In Fig. 3.4.2, our simu-
lation templates and the KS template shown have excluded structures beldh07 to decrease the
large sample variance associated with whether a large-ish cluster entéesdkad-view. Such entities
would typically be removed from CMB fields and considered separately.

The mean Comptopparameter found in our AGN feedback simulations is one order of magnitude
below the COBE FIRAS upper limit of 1% 107 (Fixsen et al., 1996).

We compare the theoretical predictions for the tSZ power spectrum in Fi@.3@ur 512 and
256° shock heating simulations are in agreement with previous SPH simulation poeeras(Springel
et al., 2001a, B0205) scaled K¢ « (Qbh)ZQmO';, with the factors determined from our simulations
of differing cosmologies. The B0205 SZ power shown had a cutab.2, appropriate for CBI fields;
using the same cut on a shock heating simulation with the same cosmology thaterdolna, we get
superb agreement.

The KS and S10 semi-analytic SZ power spectra templafter gubstantially from our templates,
in particular with higher power at low: as shown in Fig. 3.2, the KS pressure profile bey&agh
overestimates the pressure relative to both simulations and observatiatisg le&athe modified shape
and largerY,; this behaviour is also shown in Komatsu et al. (2010). The spectrum $bbnis very
similar to KS possibly because both assume hydrostatic equilibrium, and a pidydaquation of state
with a fixed adiabatic indeX; ~ 1.1 — 1.2. InsideRyqo, these assumptions are approximately correct,
but they start to fail beyon&,90. A demonstration of this is the rising ®fand of the ratio of kinetic-
to-thermal energy/U shown for our simulations in the bottom panels of Fig. 3.4.2. The present day
(a= 1) internal kinetic energy of a cluster is given Ky= Xjmgas; |\7i v+ Ho(X; — >_<)|2 /2, whereHg is
the present day Hubble constatitandx; are the peculiar velocity and comoving position for particle
i, andv andx are the gas-particle-averaged bulk flow and center of mass of the cliibeadditional
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thermal pressure support we find at large radii from AGN feedbasklts in the slightly slower rate
of K/U growth shown. In all cases the large kinetic contribution shown shoulddgsefy treated in
future semi-analytic models.

Varying the physics over the three cases for energy injection in our simualéads to relatively
minor differences in Fig. 3.4.2 among the power spectrd fgr2000. This agreement is due in part to
hydrostatic readjustment of the structure so the virial relation holds, whielters the thermal content,
henceY,, to the gravitational energy, which is dominated by the dark matter. Our A@Nbiack
parameters do not lead to dramatic gas expulsions to upset this simple rgagouirradiative cooling
template has less power at all scales compared to the shock heating tempkatasjons are converted
into stars predominantly at the cluster centers and the ICM adjusts adiabaticdliy change. Thus, at
low ¢ where clusters are unresolved, shock heating and radiative simulatiengxper and lower limits,
bracketing the AGN feedback case. AGN feedback suppressesrtheatoe of the pressure compared
to the radiative simulation resulting in less powerfat- 2000, a trend that is more pronounced at
z > 1 (as shown in Fig. 3.4.2). Thus, at these angular scales, the povetruspgrobes the shape of
the average pressure profile. It depends sensitively on the phyfsatarcand galaxy formation e.g.,
Scannapieco et al. (2008). Over theange covered by Planck, thesgeets are sub-dominant, and
serve to highlight the importance of the high-resolution reached by ACTS&Td

3.5.2 Current constraints on SZ template amplitudes andrgs;

Instead of varying all cosmological parameters on which the thermal amdi&iSZ power spectra,
Crisz andCrksz, depend, we freeze the shapes by adopting the parameters for aualffidy = 0.8
(andQph = 0.03096) model evaluated at 150 GHz, and content ourselves with detegn@mplate
amplitudes Aisz andAgsz, and a total SZ amplitudasyz:

Lr& Crisz + AkszC (3.6)
f(150 GHz) szLetsz szLrksz - .
The spectral function for the tSZ (Sunyaev & Zeldovich, 197@y), crosses 0 at the SZ nul-(220
GHz) and in the Raleigh-Jeans limit lowers to -2. Therefore, if we find watdids; below unity then

AszCrsz =

eitherag is smaller than the fiducial cosmological value as derived from the primari @Msotropies,
or else the theoretical templates overestimate the SZ signal.

To determine the probability distributions of these amplitudes and other cosmallpgiameters
from current CMB data we adopt Markov Chain Monte Carlo (MCMC) teghes using a modified
version of CosmoMC (Lewis & Bridle, 2002). We include WMAP7 (Larstale 2010) and, separately,
ACT (Fowler et al., 2010) and SPT (Lueker et al., 2010). In all casesassume spatial flatness and fit
for 6 basic cosmological parameteg,b%, Qpmh?, ns, the primordial scalar power spectrum amplitude
As, the Compton depth to re-ionizatiaf) and the angular parameter characterizing the sound crossing
distance at recombinatia®). We also allow for a flat white noise templa@e s;c with amplitudeAgyc,
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Figure 3.4: Our 150 GHz tSZ adiabatic and feedba¥&ly (= 1) power spectra computed witty = 0.8
(long dashed lines) are contrasted with the dark grey band indicatingstirarige in multiplicative
amplitude Asz = 0.75+0.36, allowed by the SRJsrg power spectrum for the feedback template shape.
The light grey band is thea2 upper limit region. TheAsz = 1 S10 tSZ power spectrum (dashed line)
and the KS tSZ spectrum (dash dotted line) are shown for contrast; thewedllr- band is determined
by multiplying these by theiAsz values given in Table 5.8, but cover a similar swath to the grey bands.
We also show the averaged kSZ power spectra computed for our simulbliatttted lines. The kSZ
spectra were calculated in the same was as the tSZ spectra were, andhtikreseapes. However,
kSZ is underestimated at lofvbecause of missing bulk velocities in the simulations. There should be
an additional (rather uncertain) kSZ template from inhomogeneous reai@rizas well. To show the
tension with the CMB data, we plot the tSZ0.46 kSZ power (solid lines) since this can be directly
compared with the SRErg grey bands.
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such as would arise from populations of unresolved point sourcesnaginalize oveRg, allowing

for arbitrary (positive) values, which fiiers from Lueker et al. (2010) who put a prior 8g.. Generally
there will also be a spatial clustering component for such sources, ard thill have templates that
are partially degenerate in shape with that for tSZ, but because of the daucertainties we ignore
such contributions here. Reducing the SZ and unresolved sourclem®o determinations of overall
amplitudes multiplying shapes has a long history, e.g., the CBI sequence@tpapd was adopted

as well by the ACT and SPT teams. Our resuledislightly from those reported by the ACT team
because they use WMARBCT and a combined tSZ&SZ S10-template, and by the SPT team who
use WMAP5-QUaD+ACBAR+SPT and add constraints on the white noise source amplitude beyond
the non-negativity we impose.

We first consider a simplified case wilysz constrained to be zero and all other cosmic parameters
and the source amplitude marginalized, yielding a probability distributiomAfpt The means and
standard deviations from our MCMC runs are given in the upper rowEabfe 5.8 in columns 2, 4
and 6 for a number of data combinations and for our 3 physics simulatios,cam®rasting with KS
and S10. The ACT data is for 148 GHz. There are two SPT cases giienfirst uses just the 153
GHz spectrum so it can be directly compared to ACT. For SPT, Luekér @C4.0) also report a power
spectrum derived from subtracting a fractiwof their 220 GHz data from the 153 GHz data to minimize
the contribution from dusty star-forming galaxies (DSFG); since 220 GHzei$SZ null, this does not
modify the tSZ contribution, but would diminish the frequency-flat kSZ. Heevea normalization
factor is chosen to preserve power for primary CMB signals that araffedquency like kSZ. This has
the efect of boosting the tSZ power by a factor of{1x) 2. Lueker et al. (2010) find that = 0.325
minimizes the contribution from the DSFGs so the DSFG-subtracted spectppresses the kSZ by a
factor of 0.46 relative to the tSZ. A25% uncertainty remains inwhich should be taken into account
statistically, but is not here. The correct approach would be to simultahetreat the 153 GHz and
220 GHz cases, with full modelling of theffiirent classes of point sources, including their clustering,
and to take into account the non-Gaussian nature of the SZ and soune¢ssighich impact sample

variance.

The ACT data is only giving upper limits with their current published data, eaeSPT has detec-
tions at 153 GHz withAsz compatible with unity. For the SPT 153 GHz-only spectrum, we find S10
givesAsz = 1.39+ 0.34 while the feedback template givAsz = 1.76 + 0.43, and the comparable 95%
upper limits from ACT are 1.95 and 2.93. However, although the white noegeshas been vetoed by
marginalization, there could be a residual clustered source contributiondusty galaxies pushing the
derivedAsz high. To the extent that SR§ g vetoes this DSFG clustering as well as their Poisson con-
tribution, thatAsz would be a better indicator. It shifts from4B + 0.21 for KS and (0 + 0.25 for S10
up to Q75 = 0.36 for the feedback template, an increase of 50%. The laffereince between the 150

and source-subtracted templates, even after marginalizing over a Ptégspnmay suggest the power
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Table 3.2: Constraints oisz andog sz
tSZ template ACT 148 GHz SPT 153 GHz e
Asz Aisz Asz Assz Asz Assz
KS <155 <126 101+025 072+025 043+021 030+0.21
S10 <195 <167 139+034 111+0.34 050+025 038+0.25
Shock heating <213 <184 113+028 084+028 044+022 031+0.22
Radiative cooling <2.75 <246 150+037 121+037 059+0.29 045+0.29
AGN feedback <293 <266 176+043 149+043 075+036 063+0.36
08sz o8tsz 08sz 08tsz 08sz 08tsz
KS <0.864 <0.845 079270923 07575339 0.69072%3 0.6220.10°
S10 <0.891 <0.874 08289331 08003338 0.7050980 0.636"5290
Shock heating  <0.900 <0.883 08043931 0.768:9%40 0.691:29% 0.607+0119
Radiative cooling <0.935 <0.922 08373032 0.8097303° 0.7217358% 0.66070%22
AGN feedback  <0.944 <0.932 08560933 08350938 0746758 07037531

The mean and standard deviation of the thermal SZ power spectrum templdieidenp
Aisz and the total SZ, including our computed kSZ contribution. The numbersrassu
the kSZ template is perfectly degenerate in shape with the tSZ Age.= Aisz + Aksz
at 150 GHz, with the relative enhancement in our simulations giverAlky/Aisz =
0.29,0.29,0.27 for the shock heating, radiative cooling and feedback simulatiorgeces
tively. We have used the ACT team’s 148 GHz power spectrum, the SPT téafGHz
spectrum and the SPT DSFG-subtracted (&HE) spectrum, along with WMAP7. The
amplitude of the SZ power is normalized to our fiduaigl = 0.8 cosmology. A rough
guide to theus tension is obtained in the lower rows, usiogsz o« ALY (Qph) =27, with
exponents determined by B0205 and KS. Since kSZ varies more slowlyithan tSZ,

the numbers are just indicative.



3.5. SZ PwEeR SpECTRA FROM HYDRODYNAMICAL SIMULATIONS 67

in the correlated source component may be similar to the SZ power, emphabiegiwgrk necessary to
do a correct treatment.

Any non-zero kSZ contribution will take some of the amplitude frAgz, leaving even smalleisz
values; columns 3, 5 and 7 of the Table 5.8 give estimates of this diminution. Sh@dwer spectra
that we have computed are broadly similar to the tSZ power shape, with hosugieiently significant
differences to allow shape discrimination in addition to the frequency separadifyig. 3.4 shows.
At 150 GHz and a® = 3000 pivot, we find the kSZ power is 29%, ~ 29% and~ 27% of the tSZ
power for the shock heating, radiative cooling and feedback simulatiesysectively. We normalize the
kSZ to the tSZ at this pivot of 3000 since it has most of the constraining pioviiee CosmoMC chains
for the ACT and SPT measurements and results in the smallest error bdesgenscales, the errors
are increased by the contribution from primary anisotropies while smallégssase dominated by the
instrumental and galaxy-source shot noise.

We used exactly the same procedure to obtain the kSZ spectrum as weudssl fSZ spectrum.
The temperature decrement due to the k$2a iSAT/T = o7 fnevr/cdl, wherev, is the radial
peculiar velocity of the gas relative to the observer. We constructed fglata-rotate kSZ maps for
each of our 10 separate hydrodynamical simulations and for each ol tfezlghift bins back ta = 10
(rather thare = 5 for tSZ), computing the average and variance of all of these. Sincesevsimulations
with side lengthL = 165h~*Mpc for our 256 cases, with fundamental wavenumber K2&8Vipc),
our spectra are missing a bit of power on the largest scaftec{eng low<) since we do not sample well
the long-wavelength tail of the velocity power spectrum in spite of the nuntftreins done.

We have included the kSZ template by ignoring the relatively small shdfezatice about the pivot
point of the kSZ and tSZ power spectra; i.e., we assume the perfectetegg@,ksz « Crisz, as the
SPT team did. Thus we only need the ratiygz/Aisz given above for the 150 GHz cases and the
further x factors for the mixed frequency DSFG case. For the ratios we use mstdta-rotate values
of 0.29, 0.29 and 0.27 from our simulations, 0.276 for S10, and usedgh mstimate of 0.25 for KS.
Apart from ignoring the shape filerence, we have also ignored kSZ from patchy re-ionization at high
redshift, although it can have a competitive amplitude to the late time fully ionizedhgéisns with
respect to the CMB rest frame that we are modelling (lliev et al., 2008,)200presenting the results
from our analyses of the MC Markov chains, we just subtfagt from Asz. The Table 5.8\s7 that
we derive from these assumptions are all on the low side of unity for DS#HB,KS and S10 being
more than 5o low, whereas the feedback template is only abautidw (and 1 high for 153 GHz
alone). We leave it to future work to include a more complete implementation of thespé&ctra.

The means and errors d&sz provide the cleanest way of presenting the tension, or lack thereof,
of these SZ models with the primary CMB data which indicatgs~ 0.8. However, it has been
conventional to translate these numbers intesgz using the wayAsz scales with cosmic parameters,
roughly asAgz « crg (Qph)?, as given by B0205 and KS. The lower rows in Table 5.8 shgw; using
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this scaling. Although the scaling applies to the tSZ component only, with the k&2Zrbeing less
sensitive toog, we also quote results for the kSZ-corrected cases. Ideally one shselthe data to
determine the cosmic parameters which uniquely and fully determine the primentysm, theA;sz and
Axsz, and the tSZ and kSZ shape modifications as the parameters vary. This tsatenent enforcing
ossz = og hasog’s value being driven by WMAP7 and other primary CMB data rather thathby5Z
information. We note that thes results in Lueker et al. (2010) are determined wAgy and primary
CMB data combined. Therefore, the Lueker et al. (20&@)esults are not comparable to auwg sz
results.

3.6 Conclusions and Outlook

Without hydrodynamical simulations in a cosmological framework similar to the pnesented in this
paper it is hard to come up with a consistent model of the gas distribution in rdueste the infall
regions which both contribute significantly to the SZ power spectrum. In tlperpave identify three
main points that a future semi-analytic model of such a pressure distributioio fpaovide.

(1) In order to arrive at a consistent gas distribution that matches ryttoa integrated stellar
mass fraction but also the X-ray derived pressure profiles wigyg, we need self-regulating AGN-
type feedback. We emphasize that we tuned our parameters to match aipreivigle-cluster model
that successfully suppressed the over-cooling by means of AGNdekdBijacki et al., 2008b). The
excellent agreement with current data was a pleasant byproductinoulated pressure profiles agree
with recently obtained observational ones that have been construotadbray data; the scaling rela-
tions between the cluster mass and X-ray based Comyt@rnaud et al., 2010) also agree; as do the
integrated stellar and gas mass fractions (Gonzalez et al., 2007; Afghaid 2007).

(2) The amount of non-gravitational energy injection into proto-clustacsgroups by AGN and
starburst galaxies at intermediate-to-high redslzfts0.8 is poorly understood. Other observables are
needed to constrain the physics and to answer this question which seenessehbgal in understanding
the resulting gas profiles. Our simulations suggest that AGN-type felkddaers the central pressure
values as a hydrodynamic response of the gas distribution to the noitagicanal feedback of energy.
This dfect inhibits gas from falling into the core regions which causes a flatter amd extended
pressure profile and a noticeably reduced power of the SZ powetrgpeat small angular scales for
¢ > 2000.

(3) For the SZ flux to be converged, an integration of the pressurdepmifi to &Ry IS necessary;
half of the SZ flux is contributed from regions outsidg. To compute a reliable SZ power spectrum, it
is essential to precisely characterize the state of the gas in these infatisetrigoarticular, we find that:
() the pressure support from kinetic energy strongly increaseswasctidn of radius to reach on average
equipartition with the thermal energy-at2R,qqin our AGN model with the exact dependence on cluster
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mass to be determined by future work; (ii) theetive adiabatic indek = dIinp/dInp ~ 1.2 in the
interior, but upturns towards ~ 5/3 beyond the virial radius; (iii) the inclusion of cluster asphericity at
large radii may also become important.

Hence a successful semi-analytic model of the spherical cluster pee#fsihnat is indeed a viable
goal, at the least needs careful calibration using numerical simulations \abaurately treat all of the
effects. The variance of the average profiles also encodes importanhatfon that is manifested in
the power spectrum. Our studies also show that simplified analytic models thktyeinydrostatic gas
models with a constarit necessarily overpredict the SZ power on large scales by up to a fafctor o
two and predict an inconsistent shape of the SZ power spectrum. Theaditerthat we explore in a
subsequent paper is to use stacked scaled simulational clusters whicliaded to principal axes to
provide the pressure form factors for the semi-analytic approach.

The tSZ power spectrum of our 538imulation agrees well with the average of our ten2&@nu-
lations. A large number of simulations are needed to properly sample the higdand of the cluster
mass function and hence accurately deal with sample (cosmic) variancenabikely, larger cosmo-
logical volumes can compensate since they contain enough statistics on thedakg modes that are
responsible in part for forming the highest-mass clusters which are alsars events. This, how-
ever, is quite challenging as we require the same (high-)resolution toadebufollow the physics in
the cluster cores which is needed to obtain profiles that match current %ata. Our 258 simulations
do not quite sample large enough scales to provide a fully convergedd®ar gpectrum at low since
we miss the long-wavelength tail of the velocity power spectrum. We also haegeid the patchy
re-ionization kSZ which could be a significant contributor, up to 50% of tked &5Z (e.g., lliev et al.,
2008, 2007).

We have found the < 2000 multipole range to be relatively insensitive to cooling and feed-
back, at least for the range constrained by the X-ray data. We did fintiginer multipole range
(¢ ~ 2000- 10000) probed by the high-resolution ACT and SPT CMB telescopes sitiserto the
feedback prescription; hence the hi§l$Z power spectrum can be used to constrain the theory of intr-
acluster gas, in particular for the highly uncertain redshift38. In addition to the SZ power spectrum
probe, our simulations can be used to address the cosmological sigrefizhriaster counts as derived
from the SZ &ect. Counts provide complementary constraints on parameters that hel@lodomme
degeneracies that are present in the power spectrum method. By enggladyimogeneous, localized
and self-regulated feedback we are not only able to match recent Mecaystructions of cluster core
regions, but also decrease the tensioordrestimated from SZ power withrg from other cosmological
probes. However, only a detailed confrontation between simulations éxplitre vast terrain of feed-
back options with the rapidly improving high resolution observations of clusteriors can move the
theory of cluster gas physics and its use for precision cosmology fdrwar
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Chapter 4

Scaling Relations, Non-thermal Pressure
Support, and Shapes of Galaxy Clusters

4.1 Chapter Overview

The current &orts by large Sunyaev Zel'dovich (SZ) galaxy cluster surveys to caimstosmological
parameters from cluster abundances are limited by the theoretical unteiteihe Sz flux-to-cluster
mass relationy — M. We explore how the non-thermal pressure support of the intraclustéiume
(ICM) and the anisotropy of the gas distribution impacts that scaling relatianthis end we use
a suite of hydrodynamical TreePM-SPH simulations of the cosmic web in laggedic boxes that
employ diferent variants of simulated physics, including radiative cooling, star formatid supernova
feedback, cosmic rays and energetic feedback from active galact& GAGN). We find that the kinetic
pressure support from bulk motions depends on the cluster mass, whitsphericity of the ICM
depends less upon the simulated physics and the cluster mass. At largeraldigtéhe kinetic pressure
support and ICM shapes are dominated by substructure. We find thatriheic cluster shapes can on
average be inferred from their projected analogues by applying a 10% correction to the ellipticity.
The radius that contains a mean density of 500 times the critical density of itheseRsqg represents
the best compromise to study virial properties as it probes a large enolighe/which is not dominated
by the intricate physics of the cluster core region, has a comparable lokheomal pressure support
of ~ 20%, and shows the smallest variance of ellipticity with cluster mass and redehéf simulated
Y — M relations are consistent with the self-similar predictions for galaxy clusigtis,the exception
of the relation of our AGN feedback model at low redshift that shows tisttally significant steeper
slope due to the feedback-induced deficit of gas inside the lower massrsluscluding AGN feedback
increases the overall scatter in tfie M relation from~ 11% to~ 14%. If galaxy clusters are selected to
have lower kinetic pressure support, we find that the scatter is dedrbask to~ 11%, suggesting that
the scatter ultimately originates from the cluster merging history with its redshifr@ass dependent
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accretion history. This opens an exciting venue of constructing a funutaingane about th¥ — M-
relation that minimizes its scatter and allows tighter cosmological constraints.

4.2 Introduction

Galaxy clusters are the largest gravitationally relaxed objects in the seiard form in the high-
est peaks of the primordial density fluctuations. The interiors are isoladed the cosmic expansion
rendering them nearly “closed” systems, so they approximately maintain ftiersel proportion of
baryonic to dark matter (DM). For these reasons galaxy clusters aneigingy cosmological tools, as
they trace the growth of structure in the universe. In galaxy clusters ofitis¢ baryons are in the form
of a hot difuse plasma know as the intracluster medium (ICM); the remaining baryorfeward in
the cluster's numerous stars and galaxies. Galaxy clusters are tleref@unique position to probe
cosmological parameters as well as to reveal the detailed astrophysicabpes of the ICM.

This work will focus on the observational signature from the Sunyad\d@ech (SZ) efect (Sun-
yaev & Zeldovich, 1970), which describes the Compton up-scatteringsshic microwave background
(CMB) photons by hot electrons. This produces a localized perturbétidine CMB spectrum with
a unique spectral shape that is characterized by a decrement in theramoidytemperature below
v ~ 220 GHz, and an excess above. The SZ signal is proportional to thedtedglectron pressure, so
the hot gas of the ICM dominates thfext. Furthermore, the SZ surface brightness is independent of
redshift. Hence SZ surveys yield dfdirent selection function in redshift and mass in comparison to X-
ray and optical cluster surveys, i.e., for a comparable mass limit at lowifedgs given by the survey
sensitivity), SZ surveys will return higher redshift objects than the latieeosational techniques. These
different selection functions imply complementary degeneracies on cosmolpgieaheters associated
with the growth of structure which should yield tighter constraints on thesenpeters in combination
with other cluster surveys and cosmological probes.

In a large cluster survey there is a wealth of information contained abesmaogy and structure
formation. The abundance of clusters, their distribution in redshift, aridgpatial clustering should be
determined purely by the geometry of the universe, the power spectrimitiaf density fluctuations,
and cosmological parameters such as the dark energy equation ofxgtateherms amplitude of the
(linear) density power spectrum on cluster-mass scalgsn SZ surveys, the number counts as a func-
tion of redshift and the power spectrum are two complementary probexsofaogy (e.g., Birkinshaw,
1999; Carlstrom et al., 2002). Identifying clusters through blind SZets\and measuring their inte-
grated power spectrum have been long term goals in CMB researclayamelaching fruition through,
e.g, the South Pole Telescope, SPT (e.g., Lueker et al., 2010; Skietkal., 2010; Keisler et al., 2011,
Vanderlinde et al., 2010), the Atacama Cosmology Telescope, ACT (ewlefet al., 2010; Dunkley
et al., 2010; Marriage et al., 2010; Sehgal et al., 2011), and the Patekite (e.g., Planck Collab-
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oration et al., 2011a,b,c). However, the ability to precisely determine cosinalqgarameters from
number counts depends on an accurate understanding of the scaltmapreéween fundamental clus-
ter properties such as the mabs, and SZ observables, e.g., the total SZ fidxwhich is proportional
to the cluster’s thermal energy. Equivalently, the SZ power spectrubregrthe average pressure profile
of unresolved groups and clusters and depends sensitively on the ataitthe mass power spectrum
on cluster scales. While this allows the study of astrophysical propertiggegilasma, it complicates
the extraction of the cosmological information which is now degenerate with sidreiuster physics.
This paper dissects the influence of various physical processes dr+ié scaling relation while our
companion paper (Battaglia et al., Paper Il) provides a detailed study 8&lpewer spectrum.

Previous work has attempted to calibrated ¥he M scaling relation through observations (e.g.,
Benson et al., 2004; Bonamente et al., 2008; Marrone et al., 2009rgsuieet al., 2010; Sayers et al.,
2011), self-calibration techniques (e.g., Majumdar & Mohr, 2003, 2004a & Hu, 2004; Chaudhuri
& Majumdar, 2011; Nath & Majumdar, 2011), simulations (e.g., da Silva et a4 2Blotl et al., 2005;
Schafer et al., 2006a,b; Bonaldi et al., 2007) and analytical work (Bodd.eR007; Mroczkowski,
2011). Combining such ¥ — M scaling relation with the survey selection function and marginalizing
over the associated uncertainties of statistical and systematic nature earaatesirate determination of
the mentioned cosmological parameters. SPT (Vanderlinde et al., 201@8CGih@Sehgal et al., 2011)
have published cosmological constraints using a small sample of SZ galaxgrsluT he uncertainties of
the constraints oorg are dominated by systematic uncertainties in the underlying cluster physicsgnakin
this approach less competitive compared to other cosmological probese ktheorder to improve upon
the determination of cosmological parameters, this calls for a better undirgiasf the mass proxies
and their scatter (Nagai, 2006; Stanek et al., 2010; Yang et al., 2010).

Pioneering work by Kaiser (1986) assumed that galaxy clusters arsisglér systems with the
mass determining their ICM thermodynamic properties. As shown by X-ragreésons, this self-
similar description is broken, especially on group scales; low-mass systerfesa luminous in com-
parison to the self-similar expectation (see Voit, 2005, for a review). lilisagield of active research
how non-thermal processes such as magnetic fields, cosmic rays,gattietic nuclei (AGN), star for-
mation, radiative cooling and bulk motions contribute to the energy balandbdamdodynamic stability
within clusters. In particular, it is unclear how these processes varyuagton of radius or dynamical
state of the clusters. Thus, state-of-the-art simulations are a valuabie building a consistent picture
of galaxy clusters. In turn, we provide an overview of the three mainga®es that influence tive- M
scaling relation. These are the feedback processes that appeardodssary in explaining the thermo-
dynamic characteristics of the ICM, non-thermal pressure suppart falk motions that accompany
the virialization process, and deviations from spherical symmetry; both intiplicafrom the relatively
recent formation epoch of galaxy groups and clusters.

In many galaxy clusters the ICM cooling times are much shorter than a HubbleRab&f, 1994;
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Cavagnolo et al., 2009), which should cause extremely high star formaties that are well beyond
what is observed. However, current simulations wathly radiative cooling and star formation ex-
cessively over-cool cluster centers (e.g., Suginohara & Ostrik@8;11%wis et al., 2000; Pearce et al.,
2000), even with the addition of supernova feedback. This leads to top stens in the cluster cores, an
unphysical rearrangement of the thermal and hydrodynamic struetndeproblems when comparing
simulations to observations, in particular for the entropy and pressufigegroSelf-regulated, inho-
mogeneous energy feedback mechanisms by, e.g., AGN are very sut@eglobally stabilizing the
group and cluster atmospheres, and in particular, preventing the coaliagtiophe (Churazov et al.,
2001). Observations of cool core galaxy clusters show eviden@nf&GN moderating the cooling and
potentially able to heat the surrounding ICM from kpc size bubbles to leatsdof kpc size outbursts
(McNamara et al., 2005). In hydrodynamical simulations, it has beenrshiwat incorporating a sub-
grid for AGN feedback can resolve the over-cooling problem (e.g., Bigtal., 2007, 2008a; Battaglia
et al., 2010; McCarthy et al., 2011). Thé&exts of AGN feedback on the ICM will mainly alter the
cluster cores, where the actual physics is poorly resolved and uaddrshese fects can be dramatic
in X-ray observations (e.g., Fabian et al., 2003), which are propoittorgas density squared. Since
the SZ signal is proportional to the gas pressure, thifsets are smaller. Hence, AGN feedback should
only perturb the integrated thermal SZ signal, with an amplitude that is not petrkn

Studying non-thermal pressure support from bulk motion in galaxy cli$ias a long history and
was first noticed in simulations by Evrard (1990), which showed that estinfiat¢he binding mass of
a cluster using a hydrostatic isotherngamodel in comparison to a fit to the surface brightness profile
differ by 15%. They found that inclusion of velocity dispersion in the hydtimsisothermals-model
reconciled this dference between binding masses. Including the support from residsi@hgtions in
the hydrostatic cluster mass estimator improved the match with the true cluster rmagséral., 2004),
with increasing kinetic pressure at larger cluster radii (Lau et al., 20083 amount of energy in these
bulk motions are of the order of 20% to 30% at radii of interest for cosmpo(Battaglia et al., 2010;
Burns et al., 2010). However, kinetic pressure support has ongntlscbeen included in analytical and
semi-analytical templates for the thermal SZ power spectrum (Shaw et a0; Zec et al., 2011
While this is of importance for SZ measurements, X-ray observations of yalasters have been
calibrated such that thidfect is accounted for when determining mass from the X-ray inferred total
thermal energy (e.g., using thé-M relation Kravtsov et al., 2006). In this paper we focus on the
effects of bulk motions within galaxy clusters that dominate the total kinetic pressutget since
there is a smaller fraction of energy in a hydrodynamical turbulent cascachpared to the energy on
the injection scale. Quantifying the properties of turbulence in galaxy chigestarting to become
possible with simulations beginning to model sub-grid turbulence (e.qg., lapiéhidiemeyer, 2008),

!Note that full cosmological hydrodynamical simulations by definition aatéor this contribution and thus, do not require
additional modeling of kinetic pressuréects.
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which is however not the topic of our work.

DM halo shapes have been studied thoroughly. For SZ observatiorshidhe of the gas distribution
of the ICM is important, especially in the far field of the intracluster medium whanttrioutes sub-
stantially to the total integrated SZ flux (Battaglia et al., 2010). The assumptigphefical symmetry
is often made when calculating cluster properties from observations anwiytiaal prescriptions of
clusters properties and we would like to assess its validity. Semi-analytic modeksntiploy the full
three-dimensional information of a dissipationless simulation use the shapgerestiiting gravitational
cluster potentials; so an important question in this context is how these st@pesare with those of
the dissipational gas distribution. Recent numerical work has alreadynstin@ impact of cooling and
star-formation on the properties of ICM shape for a sample size of 16 dugtau et al., 2011), how-
ever, such a study has not been extended to a larger sample. Furtbetimeaguestion of how energetic
feedback in the cluster coreffects ICM shapes has not been addressed.

In this work we explore a large statistical sample of simulated galaxy clustersdeittical initial
conditions but employing éierent models for sub-grid physics. We quantify the importance of non-
thermal pressure support and ICM shapes on SZ scaling relationctiod.3, we briefly describe the
simulations and sub-grid physics used. We present our results fotheomal pressure support from
bulk motions and ICM shapes in Sections 4.4 and 4.5, respectively. Thetiofghese processes and
the simulated physics is presented in Section 4.6. In Section 4.7 we summarnigswts and conclude.

4.3 Cosmological simulations and cluster data set

We simulate multiple large-scale boxes of the cosmic web in order to improve outissatisthe num-
ber of objects while simultaneously aiming for dfstiently high mass resolution to map out the core
regions of those clustegroups, which are targeted by current SZ cluster surveys and whbiclingite
the SZ power spectrum signal on scales larger than one arcminute. Tadhise will characterize the
average behaviour of the properties of the ICM over a large mass dslifierange. We use a modified
version of the GADGET-2 (Springel, 2005) code that employs smoothgidledydrodynamics (SPH).
For each modeled physics, we simulate a sequence of 10 boxes of sitel6Bl* Mpc with periodic
boundary conditions, encompassing a number of DM and gas particsypf= Ngas = 256°. This
yields a gas particle mass wfas = 3.2x 10° h™1 M, a DM particle mass afpy = 1.54x 101°h~t Mg
and the minimum gravitational smoothing length= 20h~! kpc; our SPH densities are computed with
32 neighbours. For our standard calculations, we adopt a tN€BM cosmology, with total matter
density (in units of the critical2m = Qpm + Qp = 0.25, baryon densitf2, = 0.043, cosmological
constant), = 0.75, a present day Hubble constantgf= 100h km s Mpc~t with h = 0.7, a spectral
index of the primordial power-spectrung = 0.96 andrg = 0.8.

We show results for three variants of simulated physics: (1) the classicatiative ‘adiabatic’
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case with only gravitational formatioshock heating(2) an extendedadiative coolingcase with star
formation, supernova (SN) feedback and cosmic rays (CRs) frorotsteuformation shocks (for more
information on CRs, see Jubelgas et al., 2008; Enf3lin et al., 2007; Pfroetiaer2007); (3AGN feed-
backin addition to radiative cooling, star formation, and SN feedback. Radiatieting and heating
were computed assuming an optically thin gas of a pure hydrogen and heiimorgial composition
in a time-dependent, spatially uniform ultraviolet background. Star formathsupernovae feedback
were modelled using the hybrid multiphase model for the interstellar medium ofg&h& Hernquist
(2003a). The CR population is modelled as a relativistic population of pratescyibed by an isotropic
power-law distribution function in momentum space with a spectral index-612.3, following EnR3lin
et al. (2007). With those parameters, the CR pressure modifies thEe2¥ at most at the percent level
and causes a small reduction of the resulting integrated Conmyppanameter (Pfrommer et al., 2007).
The AGN feedback prescription included in the simulations (for more detal8a#taglia et al., 2010)
allows for lower resolution and hence can be applied to large-scale stsitoulations. It couples the
black hole accretion rate to the global star formation rate (SFR) of the clastsuggested by Thomp-
son et al. (2005). If the SFR is larger than an observationally motivatestbrd,M, > 5Mp yr,
the thermal energy is injected into the ICM at a rate which is proportional to e &ithin a given
spherical region.

We define the virial radius of a galaxy clust®,, as the radius at which the mean interior density
equalsA times thecritical density pcr(2) (e.g., forA = 200 or 500). For comparison, we will use an
alternative definition of the virial radiu® m, where the mean interior density is compared torttean
matter densitypm(2). For clarity the critical density and the mean matter density are,

2
pu(d = %[Qm(uz)%m] (4.1)
Or = BHgQ 1+2)°3 4.2
pm(2 = 8:G m(1+2) (4.2)

Here we have assumed a flat univer®g,+ Q, = 1) and are only interested in times after the matter-
radiation equality, i.e., the radiation term wigh is negligible. We chose to define the virial radius with
respect to the critical density in continuity with recent galaxy cluster measnts. The merits and
utilities of both these definitions are discussed later in the Appendix.

We apply the following two-step algorithm to compute the virial mass of a clusterigimulations.
First, we find all clusters in a given snapshot using a friends-of-diseffrOF) algorithm (Huchra &
Geller, 1982). Then, using a spherical overdensity method with the FIEs/as starting estimates,
we recursively calculate the center of mass, the virial radR4s,and massM,, contained withirR,,
and compute the radially averaged profiles of a given quantity with radiéddsy R,. We then form
a weighted average of these profiles for the entire sample of clustersiarargdshift unless stated
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otherwise. We use the integrated Compygmarameter as our weighting function,

Ra
_ 9T 2
YA = @ 0 Pe(r)47'l'|" dr « Eth(< RA) s (43)
whereo T is the Thompson cross-sectiar is the electron mass an} is electron pressure. For a fully
ionized medium, the thermal pressi®e= Pg(5Xy + 3)/2(Xy + 1) = 1.932P,, whereXy = 0.76 is the

primordial hydrogen mass fraction.

4.4 Non-thermal cluster profiles
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Figure 4.1: The ratio of kinetic and thermal pressure suppt,/ P, depends on mass and redshift.
We show the median ®yi,/Pi as a function of radius for the AGN feedback simulations for various
mass bins at = 0 (left) and as a function of redshift for a fixed mass bin (right). We aduiiy show

the 28" and 7%" percentile values for the lowest mass birzat 0 (dotted). In both panels we illustrate
the 1 and 20~ contributions toY, centered on the median for the feedback simulation by horizontal
purple and pink error bars which extends out Ryé (Battaglia et al., 2010). Two analytical models
for the Py, by Shaw et al. (2010) and Trac et al. (2011) are shown with the dasindodashed lines,
respectively. The Shaw et al. (2010) model matches our result in thebima23 x 104 Mg < Moo <

4.2 x 10"*Mg at intermediate cluster radii (this mass bin best represents the mean masssafitiyge

at redshift zero), but also illustrates the need for a mass dependefutarm analytical models. Note,
the mass dependence of this ratio is driven by the mass dependdnge(see Fig. 4.2 below).

The thermal pressure profile of clusters has become increasing impastéris a main component
in the analytical thermal SZ power spectrum calculation. Also, the integragzth#h pressure profile
is being used as a mass proxy for galaxy clusters, since it is the dominaribation to the total gas

energy of an average cluster. However, several simulations (E\vi880; Rasia et al., 2004; Lau et al.,
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Figure 4.2: Mass and redshift dependencé*gfand Pyi,, normalized to an empirical fif?s;, to the
scaled thermal pressur@y,/Pa. We show the mean scaled thermal and kinetic pressure profites @t
as a function of radius for the AGN feedback simulations in various mass(leifts and for various
redshifts at fixed mass bin (right).

2009) showed that the kinetic pressure from bulk motions contributes alsmalill significant amount
of energy withinRspg and this importance increases for larger cluster radii (Lau et al., 208@adia
etal., 2010; Burns et al., 2010). Hence it is important to accurately qudhéfkinetic pressure contri-
bution as it biases the hydrostatic cluster masses. There are two kinesangresntributions, namely
large-scale, unvirialized bulk motions and subsonic turbulence. For a Kmlroe power spectrum of
turbulence, the energy is dominated by the largest scales which we r@smlgdeharacterize in our sim-
ulations. Hence we believe that our approach captures the majority of théckimessure contribution.

4.4.1 Kinetic pressure support

We define the kinetic pressure to be one third the trace of the stress tensor,
Piin = p 6%/3, (4.4)

where the physical velocity of cluster gas is definedas a (\7 - \;)+a H(2) (x — x), H(2) is the Hubble
function,a is the scale factoi andx are the peculiar velocity ¢d/ dt) and comoving position for each
particle, andv andx are the gas-particle-averaged bulk flow witligyg and the center of mass of the
cluster, respectively.

We show radial profiles of the kinetic-to-thermal pressu®g, /P, for various mass bins in Fig.
4.1. This figure shows that there is an overall mass dependence oftibiatrall cluster radii. This
mass dependence is predominately driven by the mass dependdpgearfd notPy, as we explicitly
show in Fig. 4.2, and reflects the average formation history of galaxypgrand clusters. Scalirin
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with the virial analogue of the thermal pressuRy,, is not stficient to account for the mass depen-
dence ofPyn. Here, we defind®y = GMaA p(2) fp/(2RA), and fy = Qp/Qny is the universal baryon
fraction (Moit, 2005). According to the hierarchical picture of structfoamation, galaxy clusters sit
atop the mass hierarchy, with the most massive clusters forming and virializthg present time. In
contrast, the median galaxy groull{oo = 10'*M) has stopped forming today as can be seen by the
dramatically decreasing mass accretion rates implying that the associatedingialiocks have dissi-
pated the energy associated with the growth of these objects and heneasileg the kinetic pressure
support (Wechsler et al., 2002; Zhao et al., 2009; Pfrommer et al.,)20hk semi-analytic model for
non-thermal pressure support by Shaw et al. (2010) falls in the middileeomass bins chosen, not
surprisingly since this model results from a sample of 16 high resolutionstigdanesh refinement
(AMR) simulations of individual galaxy clusters (Lau et al., 2009) whicteha similar mass range. We
provide a simple fit for the mass dependenc®gf/Py, in the Appendix.

We find that the radius at whicByj, = Py, is just beyond the spherical collapse definition Ry
(Bryan & Norman, 1998). Hence, this radius represents a possiblqgathylefinition for the virialized
boundary of clusters. Additionally, the DM velocity anisotropy of clustensidrcate similar boundaries,
even as a function of mass and redshift (cf. Appendix).

The redshift evolution oPyin /Py, is dramatic. At higher redshif@yi, is increasing faster thalRy,
over all radii (cf. Fig. 4.2), such that at= 1, Pxn/Pt is approximately twice that a = 0. In the
picture of hierarchical structure formation, at any given redshift thetmwassive objects are currently
assembled and hence show the largest kinetic pressure contribution iaiteomdo smaller objects that
formed on average earlier. Or equivalently, at fixed cluster mass, ldig/escontribution from kinetic
pressure and the relative amount of substructure increases withftettsparticular, the relative mass
accretion rates increase from= 0 to z = 2 by a factor 3 for clustersMzoo = 10**M) and 10 for
groups Moo = 103M) (see Pfrommer et al., 2011; Gdttler et al., 2001). We note that this strong
evolution inPyi, /Py is lessened by a fierent choice of scaling radius, i.e., if we normalizeRygom
instead ofRygp (cf. Appendix). Although this ratio cannot be observed, we will use @rmmdicator for
the dynamical state of clusters in our simulations. Note that results from Lau(@009) find a similar
correlation betweeRy;, and the X-ray definition of dynamical state, from a smaller sample of 16 galaxy
clusters. Atz = 1, the Shaw et al. (2010) semi-analytic model for non-thermal pressipost does
not match our simulations as well as it does at redshift Zero.

The formation of galaxy clusters and the associated accretion of sulosérace driven by the depth

20ur kinetic pressure contribution is larger at the center compared to thtaeimodel by Shaw et al. (2010). This
discrepancy is a manifestation of the well-known core entropy probleranmenical simulations, i.e., in (adaptive) grid codes
there is a larger level of core entropy generated in comparison to Sé&¢$ dmplying that the enhanced entropy (which results
from dissipating gas motions) is accompanied by a smaller amount of kpreSsure. This is presumably due to thatence
in the amount of mixing in SPH and mesh codes and possibly related féegedi treatment of vorticity in the simulations
(e.g., Frenk et al., 1999; Mitchell et al., 2009; Vazza et al., 2011)
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Figure 4.3: The kinetic pressure contribution is similar for odfatently simulated physics, suggesting
that gravitational processes dictate that contribution (while AGN feed&liagitly decreases the kinetic
pressure contribution, especially for higher redshifts). Shown is theamed Py, /Py, as a function of
radius for diferent physics models at= 0 (solid) andz = 1 (dashed) with the 25and 7% percentile
values shown for the AGN feedback simulationgz at O (dotted). Results are shown for the mass bin
1.7 x 10MMg < Mago < 2.7 x 101 Mg to take out the mass dependencePgf/Py. The horizontal
purple and pink error bars have the same meaning as in Fig. 4.1.
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Figure 4.4: The median dflyse/Mio: as a function of radius for AGN feedback simulations for various
mass bins, with the 25and 74" percentile values shown for the smallest mass bin (dotted). Assuming
hydrostatic equilibrium for all clusters of a given mass will bias the mass sdwe by 20 to 25%.

The scatter about the median amounts to approximately 5%. Note, this bias épregentative for a
relaxed cluster sample which will likely evince a smaller bias as the calibratiamcbfa sample against
numerical galaxy cluster simulations shows (Kravtsov et al., 2006).
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Figure 4.5: The velocity anisotropg, for gas (solid) and DM (dashed) is a strong function of cluster
mass and redshift. We compare median valuegfas a function of radius in fierent mass bins at

z = 0 (left) and for diferent redshifts in a fixed mass bin (right) using our AGN feedback simukation
In the core regions toward the center, the velocity distribution starts to besmtnepic for the gas in
groups and (to a lesser extent) for the DM and gas in larger clusterspdsive values o8 around

the virial radius indicate (radial) infall, whereas the strong decreasesatlarger radii (very noticeably

in the DM) is caused by the turn-around of earlier collapsed shells. This mirsrtiizeradial velocity
component such that the tangential components dominate the velocity.

of the cluster gravitational potential. Therefore, it is not surprising tteafind kinetic pressure support

to be ubiquitous in the threeftérently simulated physics cases (cf. Fig. 4.3). Looking at the median of
this non-thermal pressure support we find similar radial profiles within 8feahd 7% percentiles of

the complete distribution of clusters. In the AGN feedback simulations we findinadly lower values

for Pxin/Pin. These diferences are well within the $5and 74" percentiles implying consistency across
differently modeled physics. Thus, our model of AGN feedback does naifisantly alter the kinetic
pressure support at low redshift although there seems to be a hintithatei be the case at larger radii

at redshiftz ~ 1 which approach the peak of the AGN luminosity density.

4.4.2 Hydrostatic Masses

Including the kinetic form of non-thermal pressure support becomesriantovhen estimating cluster
masses under the assumptions of spherical symmetry,

dpP GM(<r)p

e S 4.5

dr r2 (4.5)
As others have shown (Evrard, 1990; Rasia et al., 2004; Lau et 8B) 28ssuming that all the pressure
in Eg. (5.11) is thermalF = Py,) is incorrect; for clarity we defindyse to be the mass derived using
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P = Py. ComparingMpse to the true mass inside a given radibdg;, we find thatMpysg on average
underestimateM;,; by 20—25% depending on the radius (cf. Fig 4.4). This bias is almost indepé
of cluster mass out tBsgg, the current maximum radius typically observed by X-ray telescopes.aie c
understand this weak mass dependence by rewriting the total pré3sune(Py,/P + Pxin/P). Since
Pxin/P o« M%% (see Fig. 4.19), the hydrostatic mass estimates inherit a similarly weak massidape.
Thus, an overall correction to the hydrostatic mass is reasonable fertiessurements.

Individual clusters can stray from this generalization, since each clhagka unique dynamical
state and formation history. These deviations are suggested by the statts¥wbetween the 25and
75" percentiles of the complete distribution. For cluster samples that are selgeiedtanajor mergers
(for which the assumption of spherical symmetry will also be questionablegditection factor will
necessarily be smaller, e.g., for quality X-ray data of a Chandra sampleydnestatic mass correction
was found to be of the orddfiysg ~ 10-15% Kravtsov et al. (2006).

4.4.3 Velocity Anisotropy

We decompose the velocity distribution of the g&,into orthogonal components of a spherical coor-
dinate systemyVy, 6V, andév,. This is done for each spherical shell withiR:3o and then normalized
by Vo00 = VG Moo/ Rego. For each of these spherical shells, we also compute the velocity digpersio
averageg? = (6V%) — (6V)? as well as the anisotropy paramei@ras defined in Binney & Tremaine
(2008),
o o

B:1—2T‘_r2, of =0y + 0y, (4.6)
to quantify the relevant amount of radial and tangential velocity disper3ibis parameter ranges from
1 for a completely radial flow te-co for a completely tangential flow. As shown by Fig. 4.5, galaxy
clusters do not have isotropic velocity dispersions in gas and DM (e.gst&ateal., 2008; Wojtak et al.,
2008). We find thaB does dependent on cluster mass, but does not change much with variatiba
simulated physics. In the Appendix, we show that the steep drop fhpheameter of DM at large radii
corresponds to the splash-back radius of the galaxy cluster, i.e., iscthyghe turn-around of earlier
collapsed shells which minimizes the radial velocity component such that thentiiagcomponents
dominate the velocity. Much lik€i, /Py, this mass dependence of the splash-back radius can also be
explained by the formation history of clusters, since more massive clusésstlaforming today and are
accreting from larger radii. A similar trend jgifor a larger range in masses is shown in dissipationless
simulations by Cuesta et al. (2008). Focusing on a single mass bin, wetfoaiaiinilar radial redshifts
trends as the kinetic pressure support (cf. Fig 4.5). Future SZ expggmey be able to detect these
radial motions in galaxy clusters through the kinetic $2et.
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4.5 Galaxy Cluster Shapes

Generally, we expect galaxy clusters to be triaxial since they grow byeton and through merging
along filamentary structures that impose tidal gravitational forces upomtherfg clusters. Following
Dubinski & Carlberg (1991), we estimate this non-sphericity of clusteragasdark matter (DM) by
computing several weightings of the inertial tensor,

Za Wa(xi,a - )_()(X',(t - )_()
J

2o Wa

lij(r <R) = (4.7)
wherea indexes all particles within a given radi& x; is theith coordinate of particle andw is the
weighting. For DM and SPH gas (hereafter gas) particles, a mass weighting m,, results in the
inertial tensor of its original form so that a volume rendering providedisasity surfaces. Hence, this
is referred to in the following as gas and DM density weighting. Additionallyewsploy a weighting
by the product of the gas mass and temperatuyes m,T,, So that a volume rendering of the resulting
weighted inertial tensor provides isobaric surfaces. We refer to thiseagsyre weighting and note that
this quantity is of particular importance when considering tfieats on the tSZ signal.

We quantify the non-sphericity of cluster gas and DM with two methods, theatiis (in particular
the ratio of the largest-to-smallest main ax@ga) and the three-dimensional asymmetric parameters
(Bardeen et al., 1986). Both methods use the eigenvaluekich are computed for each inertial tensor
at a given radius. These method#feli in the presentation of thg's. We adopt the convention that
A1 < A2 < A3. We also calculate the corresponding eigenvediprand use them later in this work to
explore rotation and alignmenffects. Here we have chosen to define the axia asv1; b = V12
andc = +/13, which is diferent than other definitions, for example the one used by Lau et al. (2011
who usea’ = 11, b’ = 15, andc’ = A3. In the Appendix we explore how an additiomaP-factor in the
weightings (v, = ma/rg andw, = maTa/rf,) impacts the results. This makes the inertial tensor more
sensitive to the maghermal energy in the interiors of clusters and lessens the contributianddrger
radii.

The asymmetric parameters are defined as

A1 -4 A1 -2+ 4
o= 1—3,p= 1=t A3
21 24

(4.8)

whered is the mean eigenvaluejs a measure of ellipticity, ang, is a measure of prolateng¢sblateness.
Whenp is positive, the clusters are prolate, and whteis negative, clusters are oblate; and we define
the oblatenese = —p for negativep, as in Bardeen et al. (1986). The prolateness and oblateness are
morphological classification schemes and a direct measure of the morjablagpearance. This is
complementary to the ellipticity which quantifies the overall geometry irrespeatis@rphology.
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Figure 4.6: Stacked density and pressure distributions with and withotibriganto the principle axis
frame atz = 0. Left: We compare rotated distributions for the gas density (red) arsspre (blue) to

the non-rotated stacked gas density (black)-a0. Right: Shown is the same as on the left for DM. The
non-rotated clusters average out to form spherical iso-density asnishile the rotated clusters clearly
show elongations along the major axis (defined here as-thas). The thicker lines approximately show
the radiiRzs500, Rsp0 andRxpg from the inside out. Note, these contours have been smoothed to a pixel

size of 0.0R00. The horizontal purple and pink error bars have the same meaning as ih.Eig
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Figure 4.7: Stacked density and pressure with and without rotations intorith@pte axis frame at

z = 1. Left: We compare rotated distributions for the gas density (red) arsspre (blue) to the
non-rotated stacked gas density (blacky at 0. Right: Shown is the same as on the left for DM. The
non-rotated clusters average out to form spherical iso-density asntshile the rotated clusters clearly
show elongations along the major axis (defined here as-thas). The thicker lines approximately show
the radiiRzs500, Rsp0 andRxpo from the inside out. Note, these contours have been smoothed to a pixel
size of 0.0R00. The horizontal purple and pink error bars have the same meaning as ih.Eig
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4.5.1 Overall shapes and dependence on modeled physics

We rotate all clusters into the inertial tensor frame using the eigenvector nigteg X' = Ex. The
output ordering is arbitrary; we choose the convention that the major aaigised with the x-axis and
the minor axis is aligned with the z-axis. In Figs. 4.6 and 4.7 we show stackes®kensity contours
(black). Those are compared to gas iso-defigssure contours (rgdue) which have been obtained
by computing the inertial tensor withinR3go, rotating into the inertial tensor frame, and stacking the
respective distributions. The rotated contours show obvious elongationg the major axis; with the
ellipticity being larger az = 1 in comparison t@ = 0. The elongation is larger for the DM distribution
in comparison to the gas density and pressure which show very similaribahakven in the rotated
stacked distributions, the innermost contour lines become more spherizaldgethey are intrinsically
less elliptical (see below) and because the main axes of the inner distribatmaisted relative to
those at By SO that their ellipticity partially averages out to become more spherical (s¢ed3ed).

In order to quantify these results, we show the mass dependence ahdtredolution of the ellip-
ticity within Rpgg in Fig. 4.8. Due to the dissipationless nature of DM, its ellipticity is larger (smaller
ratio of c/a) in comparison to that of the gas. This is because structure formation shssipate the
kinetic energy of the accreted gas at cluster accretion shocks — espribeg erases part of the memory
of the geometry of the surrounding large scale structures and their tidad feld. Those accretion
shocks are typically forming at radii Rygp as suggested by numerical simulations (Miniati et al., 2000;
Ryu et al., 2003; Pfrommer et al., 2006; Skillman et al., 2008; Vazza et &9)2# indirectly by the
action of shock waves on radio plasma bubbles, which represents brnetlod of finding formation
shocks by combining radio observations and analytical insight that isostgopby idealized hydro-
dynamic simulations (e.g., Enf3lin et al., 2001; Pfrommer & Jones, 2011). Rotidwese qualitative
considerations, it is not surprising that the ellipticity of the gas distribution doeshow any mass de-
pendence while the DM distribution of more massive clusters shows a latg@of c/a in comparison
to smaller systems. However, the ellipticity of the gas and DM distribution are isiagas a function
of redshift, at about the same rate. This can be understood by the fact)th given mass range of
clusters shows a larger degree of morphological disturbamesging at higher redshifts which probe
on average dynamically younger objects and 2) the redshift evolutioneofdlocity anisotropy (see
Fig. 4.5) which shows that the average location of accretion shocks nmgesaller radii (if scaled by
R>00). Hence at larger redshifts, also the gas distribution probes the/pr&athccretion shock region
that is shaped by the tides exerted by the far-field of clusters.

We compare the results from our simulations directly with those of Kasun &&Y2005) in Figure
4.8 and Table 4.1. Other work (Allgood et al., 2006; Giittr & Yepes, 2007; Macgiet al., 2008; Lau
etal., 2011) on DM and gas shapes have used varying mass definikimdefinitions and cosmologies,
which differ from our definitions and cosmology. Thus, we do not quantitatively esenpith their
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Figure 4.8: We show axis ratios of galaxy clusters that are obtained bywtorgghe inertial tensor of
the gas (red) and DM mass distributions (blue) witRio and stacking those in bins of cluster mass
and redshift. The resulting mean and standard deviation of the axiscyatis shown as a function of
Moooatz = O (left panel) and at fixed average mass bitVho = 2.4x 10'*h~1 M as a functiorz (right
panel). See Table 4.1 for fit values; here, we have chosen to fublg to compare directly with the
dissipationless simulations by Kasun & Evrard (2005, KEO05). While shdidsspate kinetic energy
of the gas which causes smaller axis rgtdigpticities, this couples through gravity to the DM distribu-
tion and sphericalize their axis ratios, resulting in smaller ellipticities in comparisdis$ipationless
simulations alone, e.g., by KEO5 (that do not follow the hydrodynamics ofdkg g

results, however, we note that their results are consistent with Kasunade2005). For the mass and
redshift functional fits, Kasun & Evrard (2005) definga(M) = By (1 + Ay IN[M/10*°h~* Mg]) and
c/a(2) = B,(1 + 2, respectively. The axis ratio that we find for the DM mass dependerteeashift
evolution have consistent slopes to Kasun & Evrard (2005). Howtwee is an overall trend that our
axis ratios are more spherical than their results. Itis possible that therisainave a noticeabldfect on
the DM ellipticity, however this dference may also be due to théfdience in cosmological parameters
used by Kasun & Evrard (2005). We do not explore this question atiydfusince the ects of baryons
on the DM have been explored much further by previous work (e.g., Rudl, 2008).

In the following, we will show radial profiles of the axis ratios and asymmetaameters that
are obtained by computing the inertial tensor at 3fedent radii for each cluster. First, we report on
the overall radial distribution of/a and ellipticity in the gas and DM distributions. WithRyqq, the
ellipticities of gas density and pressure are rather flat at a leveleof 0.85- 0.9. As laid out above,

this is because dissipatiofffects at the accretion shocks cause fiaative sphericalization and erase
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Figure 4.9: Stacked cluster axis ratios and ellipticities for the DM mass (blas)nass (red) and

pressure (green) distributions within a scaled raditRygo. Left: Shown is the axis ratia/a as a

function of scaled radius for all simulated physics models. In the bottoml pamshow the percent
differences from the AGN feedback simulations to the shock heating (lorgedpand radiative cooling
simulations (short-dashed). Right: We show the ellipticity, prolaticity and oblatasta function of
scaled radius. The bottom panel shows the percefgrdnce between the pressure and gas density

weightings of the inertial tensor. The axis ratipa and ellipticity show the same trends. We find

clusters to be more prolate then oblate. In the regions befganthe sudden decrease in the axis ratios

can be attributed to other nearby clusters (that is also seen as an ethll@nsity clumping at these
radii). The pressure weighted shapes tightly track the density weightpeskdédth deviations of less
than 5%. The horizontal purple and pink error bars have the same messingrig. 4.1.

Table 4.1: Axis ratio fits for cluster as a function of mass and redshift.

Bwm Au B, A

DM 0.665+ 0.009 | —0.031+ 0.006 | 0.692+0.009 | -0.12+0.04
KEO5 | 0.631+ 0.001 | —0.023+ 0.002 | 0.652 + 0.001 | —0.086+ 0.004
Gas 0.87+0.02 —-0.003+0.01 0.88+ 0.03 -0.08+0.12

2 \We use a re-normalized value frolipgo = 1 x 10°h™ Mg to Mago = 2.4 x 10h™1 Mg
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Figure 4.10: Top: We compare the average of the 2D axis ratios (dash#dke random orthogonal
projections to the 3D axis ratios (solid) for the DM mass (blue), gas maspdretpressure (green)
from the galaxy clusters in the AGN feedback simulations. Additionally, wavghe linear correlation
codficient, rg (dotted line), between the projected 2D and the 3D axis ratios. The horizan{ze

and pink error bars have the same meaning as in Fig. 4.1. Bottom: Shown isrttenpdiference
between the projected 2D and the 3D axis ratios. While the relatifereince between the projected
2D and the 3D axis ratios vary between 15-20% for the DM mass distribution {waétBD axis ratios
being more spherical), the relativeffdirence is smaller for the mass and pressure distribution of the gas,
with values between 5-10%. As expected, the projected 2D and the 3Datigis are correlated with

an increasing correlation cfigient at larger radii which suggests that the substructure distribution that
drives the asphericity also causes this correlation.
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the memory of large-scale tidal fields. In contrast, ellipticities are increasiriyé DM as a function of
radius due to the dissipationless nature of DM, ¢/ decreases from values around 0.8 in the center to
0.7 atRygo. The radial behaviour may be due to increased tiffalots on DM substructures at small radii
which causes a dramatic drop of their central mass density (Springel20@8a,b; Pinzke et al., 2011).
Effectively this causes a redistribution of a clumped (elliptical) to a smooth distributadrigiable to
couple more fiiciently to the (more spherical) gas distribution. Studying the asymmetric parameter
we find that if a cluster is prolate, it is on average more elliptical than an obfet¢hat is always close

to spherically symmetric.

We now explore the influence of the simulated physics model on clustershmelpig. 4.9. While the
ellipticity of the gas is slightly larger in non-radiative models, it is very similar fer gias distribution in
our radiative models (radiative cooling and star formation with and withoutlA&:dback). Dissipating
accretion shocks seem to explain the overall behavior rather well andifieeent physical models
only marginally change the cluster shapes in the gas. In the DM, howeeeg, ithstill a pronounced
difference among our two radiative physics models with the ellipticities of the AGtbgek model
being larger that in our pure radiative model. This small ellipticity is a remnaavefcooling that our
pure radiative model dters with an associated star formation rate that is unphysically high. Most of
these stars form out of the cold, dense gas in the core region whicesautecreasing central pressure
support so that gas at larger radii moves in adiabatically and causespardmotential which in turn
causes the DM to adiabatically contract. Enhanced dissipation procestesdas sphericalize the
potential which is then communicated to the DM during this central settling. We fatdribluding
AGN feedback counteracts the overcooling issue and modifies the DMestapthe level of 5% in
comparison to our pure radiative simulations (cf. Fig 4.9).

Our general trends are similar to those reported by Lau et al. (2011 pigbdind that the DM dis-
tribution is more spherical for radiative simulations in comparison to non-igdianodels. However,
the diferences between radiative and non-radiative simulations are not asexis those found in Lau
etal. (2011), since our radiative simulations do ndtesurom the same catastrophic cooling in the cen-
ter regions as a result of their higher resolution simulations as well as theioiclaf metal-dependent
cooling. Note, however, that AGN feedback stabilizes cooling and hesodens this behavior in the
DM ellipticity.

We find that the average axis ratios and ellipticities have a pronouncell toregheir slopes at
r ~ 1.5Ry00. The break in the ellipticity arises from substructure in the cluster outskiree® X-
ray observations of the Perseus cluster find a strong signature of clgnmpgas density (Simionescu
et al., 2011); qualitatively consistent with the findings in simulations (Nagaia&,2011). This gas
density clumping is a direct tracer of substructure and becomes importesugily the same radius
where we find the break in the ellipticity. Interestingly, thi¥eet is not only seen in DM and gas but

also in pressure, which suggests that the pressure is clumped in a sintiianfas the gas density. In



92 CHAPTER 4. SALING RELATIONS, NON-THERMAL PRESSURE, AND SHAPES

0257 T T T T T T T T T ] 0257 T
[ AGN feedbackz=0 4 L
L 11x 18: M <My < 1.7 X 13‘: Mo ] L AGN feegback

0.20 1.7 x 16* Mg < Mygo < 2.7 x 16* M R, B 0.20- — %= Ry =%
L 27X 10*Ma<Magg< 4.2 x 16' Mg | Reoo ] [ 2=03 Wl

4.2 X 10* Mg < Moo < 6.5 x 16° Mg, e z=05 Rso0 07

b 6.5x10°Mg<Myy< 1.01 x 16° My, A z=0.7 R L
I 1.01x10°Mg< Mg < 1.57 x 16° Mg P A I —z=10 A

0.15 €gss PR 0.15- — z=15 /7 ’ -
L e ] r

0.10f 0.10"

0.052_‘_'

0.05™

0.00[_. . ‘ s ‘ i 0.00[_._.

Ne[%]
Ne[%]

0.1 1.0 0.1 1.0
r/ Rygo 1/ R0

Figure 4.11: Mass dependence and redshift evolution of the cumulditppiceey profile as a function
of r/Ropo. Left: Shown is the ellipticity profile at = O for various mass bins. Bottom left: Shown are
the percent dferences in ellipticity to the lowest mass bin(x 10'Mg < Mz < 1.7 x 10"*Mg

). Over this mass range, the cluster ellipticities show a noticeable but naaatibbmass dependence
within Rsqg, in contrast to the stronger dependencePgi/Py. Right: Shown is the ellipticity profile
for various redshift bins. The horizontal purple and pink error therge the same meaning as in Fig.
4.1. Bottom right: Shown is the relativeftirence of ellipticity at a given redshift o = 0. The
redshift evolution of the ellipticity (especially at large radii; Rsqg) is driven by the larger amount of
substructures at higher redshifts due to the increased mass accré&tion geougcluster halos at these
redshifts. The pressure weighted ellipticities track the density weightedvesleand show the same

trends with redshift.
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order to accurately model the outskirts of clusters, semi-analytic models il teeproperly deal with
the substructure. In the Appendix, we show that one can attempt to cachtedessen the impact of
substructure on the gas, pressure and DM shapes by including-ameighting when calculating the
inertial tensor (cf. Eq. (4.7)). In future work, we will further expldtes issue of substructure.

4.5.2 Projected and intrinsic shapes

In order to tie the underlying 3-dimensional structure of clusters to obb&\2-dimensional projec-
tions, we compare the intrinsic 3D axis ratios to axis ratios of random 2D piajeci.e. we project the
DM density and gas densjfyressure distributions along a randomly chosen direction and then compute
the 2D inertial tensor. The results are shown in Figure 4.10. We find th&Dhaxis ratios for both,

the gas density and pressure are systematically closer to unity than the 3Xxfatlyy ~ 5-10% (for

the virial region and the central part). In the case of the DM distributionptbgected (2D) axis ratios
are on average a 15% underestimate of the intrinsic (3D) axis ratios. Using the linear correlation
codficient statistic (), we find that the random 2D axis ratios are strongly correlated with the $ittrin
3D axis ratios and the strength of the correlation increases with radiuBi(cfi.10). As expected;/a
serves as a limit to the observable 2D projections axis ratio. We find that the 2@eaxis ratio, when
given as a function of cluster radius, closely tracks, modulo a roughly constart 5 — 10% bias (for

the gas density and pressure).

4.5.3 Mass and redshift dependence of shape profiles

Both the density- and pressure-weighted ellipticities show the same geeaidd with radius and clus-
ter mass. The ellipticity increases with increasing cluster mass 5% over the mass ranges shown
(cf. Fig 4.11). On the right-hand side of Fig. 4.11, we show the redshituéon of the cluster shapes
and find that the ellipticity is a stronger function of redshift than the massin€ogasing redshift, the
break in the ellipticity profile moves to smaller radii (when scaleBd4gy). Both behaviors, the mass and
redshift dependence can be understood in the hierarchical pictus&dicture formation, where galaxy
clusters show increased mass accretion rates and hence an increa$ed &ibstructure for larger
clusters (at a given redshift) or, equivalently, for a cluster of givexss at higher redshifts which probe
on average systematically younger systems. Similar to the non-thermal ierasgaport, the redshift
evolution found in the ellipticities are lessened by fiadent choice of scaling radius (cf. Appendix).
This result suggests that using a single (constant) ellipticity profile for gallsters is not sfticient
for percent level accuracy.

Pressure-weighted ellipticities are marginally more spherical than the dewsigyted ellipticities
for r < Rspp (cf. Figs. 4.9 and 4.11). However, betweRsyo and Rsog the behavior is reversed. This

is because the core region shows a smaller kinetic pressure support imfiiginigydrostatic forces
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had time to act and to smooth out the pressure distribution whereas at ladijepressure-weighted
ellipticities are &ected more by infall caused by a noticeable pressure clumping at thég@feammer

et al. in prep.). We note that the radiusRdyp appears to be a sweet spot in cluster aperture sizes for
the gas, DM and pressure ellipticities, since all ellipticities show enl¥0% redshift evolution and
mass dependence. Together with the results on the non-thermal presppeet (Sect. 4.4), this is an
important result for cluster X-ray observations and theoretically justifiesue of the radial region
aroundRsqg for characterizing clustersRsog appears to be the best compromise for the criteria small
non-thermal pressure support, small ellipticity, and small degree of clumping

4.5.4 Isophotal twist of cluster structure and semi-analyical models

Semi-analytic models for the baryon distribution in clusters include an undgriggsumption that
baryons will arrange themselves along equipotential surfaces (or incases the DM density-weighted
surfaces). Given the importance of this assumption, we test its validity inrufations. In Figure 4.8,
we plot the ratioc/a for both dark matter and gas as function of cluster mass and redshift. \&/hile
for DM halos decreases with halo mass as expected (Jing & Suto, 2082ndvthatc/a is constant
for the gas distribution. This is potentially a problem for semi-analytic models bf ¢f@as (Ostriker
et al., 2005; Bode et al., 2009), which use the DM-dominated gravitatiaiehpal as the shape on
which to paint the baryons. However, the gravitational potential from tkld€more spherical than the
underlying matter distribution (e.g. Lau et al., 2011), and so the semi-anaigpesestimates are not
as discrepant as one might expect from Figure 4.8.

A more important issue is the alignment of the gas or pressure with respeet@iMhWe calculate
the angular dterence between the major axes of the DM and those of the gas and pressjor
axes at a given radius, using the inertial tensor eigenveBigsgm (r) - E1gadr). (Note that we use the
DM distribution rather than the potential. However, since the DM dominates ttenfial, the two
alignments areféectively indistinguishable.) When calculating misalignment, the major axes di/near
spherical objects are poorly defined quantities. To avoid this problenalgalate, in each radial bin, a
weighted average using-1c/a as the weight. Furthermore, we exclude the region insi@dBs g since
the gas and pressure shapes are nearly sphericalcyeithy > 0.75. On average at a given radius, the
cluster gas and pressure are-28D degrees misaligned from the major axis of the DM (cf. Fig. 4.12). In
the next section we show SZ measurements of the total thermal energy img;lMsstrongly depend on
the projection axis through the cluster. Thus, misalignment between the salyii@abaryon distortion
and the “true” distribution may cause biases when using semi-analytic modelg ttie weak-lensing
and SZ observations together.
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Figure 4.12: The weighted median angles between the DM major axis aneédaartd pressure (green)
axes as a function of radius for all simulated physics models: AGN fe&dlsatid), radiative cooling
(short-dashed), and shock heating-only (long-dashed). THea8 7% percentile values are shown
for the gas density in the AGN feedback model (dotted). On average tharghpressure axes are
misaligned by 20 to 30 degrees to the DM principle axis, independent ofrauftated physics models.
However, both simulations with radiative cooling show more misalignment in the negéons than
the non-radiative simulations. The light colors and lines represent tih@regnich the average cluster
shape are close to sphericaldpy > 0.75) such that the major axes are not well defined and their
angles are approaching a random distribution. Note that we have weibletaderage angles by-kc/a

to down-weight the angles from the spherical ICM shapes and the cinségiors. The horizontal
purple and pink error bars have the same meaning as in Fig. 4.1.
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4.6 SZ Scaling Relation

In this section we explore the impact of AGN feedback, cluster shapekiaetic pressure support on
the SZ scaling relation{— M relation) using our large sample of clusters. We compute the SZ flux for
all clusters for both, spherical boundaries and cylindrical apert{\gg andYy;). For the cylindrical
aperture calculations the total fluxes are computed along each axis of thentmofrieertia frame,
measured aRyqp, and additionally along each axis of another randomly-oriented frame.héfese the
line of sight boundaries for the cylindrical integrations to be three times tfiagaf the aperture. This
procedure enables quantifying the importance of substructure, whitlaveealready shown in Sections
4.5 and 4.4 to be significant at radii beydRgho. From the calculated, values we fit an average scaling
relation,

A
M
_10B A -1 2
Yo =19 (3>< 104ht M@) o MPC 9

where A and B are the fit parameters for the slope and normalization, respectively. \igitneach
cluster by itsY, when fitting forA andB to keep the low-mass clusters from completely dominating the
fit.

4.6.1 Self-similarY — M scaling relation

We review the expectations fifrin the idealized case of a cluster in virial equilibrium to help understand
how possible deviations from the self-simidr M relation and the scatter about it may arise. Starting
with Eqg. (5.8), which has been rewritten as,

R2o0 -1
y= 2 VP = Y ZBIT i B (4.10)

mec? Jo MeC?
whereX, is the electron fraction defined as the ratio of electron and hydrogen muhebeitiesxe =
Ne/Nn = (Xy + 1)/(2Xy) = 1.158,y = 5/3 is the adiabatic indexyy = 4/(3Xy + 1 + 4XuXe) = 0.588
denotes the mean molecular weight for a fully ionized medium of primordialddnce, and we assume
equilibrium between the electron and ion temperatures. Next, we define dhactéristic temperature
of the halo (Komatsu & Seljak, 2002) as

GMaooump My
3Roo0 3

so we can write the total thermal energy of the halo with Eq. (4.11) as

KT200 = [10G Ho Moo E(2)1%3, (4.11)

3 GMZy,
Egas = > NgaskT200 = (1 - f.) fp fc P Raoo

G
(1-f)fofo [800pc:(2)] > M3, (4.12)

Heref, < M./My is the stellar mass fraction within the halo afads the correction factor for fraction of
the missing baryons at a given overdensity. Then we insert Eq. (410Zx (4.10) to get the integrated
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Figure 4.13: The¥ — M scaling relation for the AGN feedback simulations compared to recent X-ray
results from Arnaud et al. (2010) and SZ results from ACT (Marriagal.e 2010), SPT (Andersson

et al., 2010), and Planck (Planck Collaboration et al., 2011a). We Ippled the 15% correction to
the X-ray Myse from Kravtsov et al. (2006).
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For Eq. (4.13), we set. = 0, f. = 0.93 (as calculated from our shock heating simulationR»gg) and
adopted the cosmological parameters of our simulation. This simple analytpraission for théy — M
scaling relation allows one to explore the assumptions underlying its derivafiore specifically, we
test the assumptions of spherical gravitational potential, zero non-thpresaure support, and constant
fy (and for simulation with star formation, constaij at R, independent of cluster mass.

4.6.2 Comparison to data

In Figure 4.13, we comparépnfor our simulated clusters to the X-ray results from Arnaud et al. (2010),
and the SZ results from ACT (Marriage et al., 2010), SPT (Anderstah,£2010), and Planck (Planck
Collaboration et al., 2011a). We adopt the 15% correction to the Xviigye estimates from Kravtsov

et al. (2006) which is valid for the respective observational sampletsmierriterion. OurYsprM rela-

tion with AGN feedback is consistent with the current data from X-ray afdSservations. However,

at group scales, our simulations slightly overpredict the SZ flux due to theitogas fractionsfgas

in our simulations compared to X-ray observations (Pfrommer et al. in pr@mjentially our simu-
lations are missing some of the relevant physics that govigagsee, e.g., Pfrommer et al., 2011) or
underestimate the action of AGN feedback on these mass scales.

We note thatYspn reported by SZ surveys for known clusters use an X-ray-derigtichate of the
aperture size. This is useful because the cluster radii are typicallyypo@asured in SZ, and so the
X-ray aperture fixes the SZ measurement along the otherwise degeapeatare fluaperture radius
relation. However, this prior introduces correlations between the X-raly @Z observations, which
makes comparisons between these observatidhsulli to interpret.

4.6.3 Physics dependence of thé— M relation

In Figure 4.14 we show the dependence ofYheM relation on our three simulated physics models, i.e.,
shock heating, radiative cooling and star formation, and AGN feedbduk stark diferences between
the shock heating simulation and the two other simulations arise from the lossyohbkan the ICM

to star formation. The radiative cooling simulations show a constant normatfizaffieet of ~ 20%,
which nearly matches thé. values for these simulations. In Table 4.2 we show that the self-similar
expectation of Eq. (4.13) almost completely captures the cluster thermodyn@ngdaos simulations
when integrated over cluster-sized apertures. Including more physioaliiyated sub-grid models in
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Table 4.2:Y — M scaling relation fits for dferent simulated physics, subsampling in kinetic-to-thermal
energy and ellipticity (of the density and pressure distribution), and aldfeyent projected axes yield-

z=0 z=05 z=1

B A oy B A oy B A oy
Simulated physics
Theory, Eq. (4.13) -4.88 1.67 - -4.81 1.67 - -4.74 1.67 -
Shock heating -4.87+0.01 1.64+ 0.03 0.117+ 0.003 | -4.81+0.02 1.63+ 0.04 0.126+ 0.002 | -4.76+0.05 1.61+ 0.07 0.118+ 0.002
Radiative cooling -4.94+0.01 1.67+0.03 0.123+ 0.002 | -4.88+0.02 1.67+ 0.05 0.129+ 0.002 | -4.83+0.05 1.66+ 0.09 0.121+ 0.001
AGN feedback -4.92+ 0.01 1.71+ 0.03 0.135+ 0.001 -4.87+0.02 1.72+ 0.05 0.140+ 0.001 -4.82+ 0.05 1.73+ 0.09 0.142+ 0.002
K/u2
Lower 3 -4.88+ 0.04 1.73+ 0.07 0.108+ 0.002 | -4.83+0.06 1.73:0.11 0.122+ 0.003 | -4.78+0.14 1.76+ 0.21 0.140+ 0.005
Middle 3d -4.92+ 0.02 1.73+ 0.05 0.114+ 0.002 -4.87+0.04 1.73+ 0.08 0.116+ 0.002 -4.82+ 0.07 1.73+ 0.13 0.126+ 0.004
Upper 3d -4.94+0.02 1.72£ 0.04 0.123: 0.002 | -4.89+0.03 1.73£ 0.07 0.128t 0.003 | -4.85+0.09 1.72£ 0.15 0.132+ 0.004
c/a(gasf
Lower 39 -4.94+0.02 1.72+ 0.05 0.133: 0.002 | -4.89+0.04 1.72+ 0.08 0.138+ 0.003 | -4.84+0.09 1.73+ 0.15 0.134+ 0.003
Middle 3d -4.92+ 0.02 1.70+ 0.05 0.124+ 0.002 -4.86+ 0.05 1.73+ 0.09 0.131+ 0.002 -4.82+0.10 1.72+ 0.16 0.131+ 0.002
Upper 3d -4.90+ 0.02 1.72+ 0.05 0.120+ 0.001 | -4.86+0.04 1.72+ 0.08 0.122+ 0.002 | -4.80+0.09 1.73:0.15 0.140+ 0.003
c/a (pressuré)
Lower 39 -4.94+0.02 1.71+ 0.05 0.135+ 0.002 | -4.88+0.04 1.73+ 0.08 0.136+ 0.003 | -4.84+0.08 1.73+0.14 0.148+ 0.003
Middle 3d -4.92+ 0.03 1.71+ 0.05 0.129+ 0.002 -4.87+0.04 1.72+ 0.08 0.128+ 0.002 -4.82+ 0.08 1.72+ 0.14 0.134+ 0.003
Upper 3d -4.90+ 0.03 1.72+ 0.05 0.119+ 0.002 | -4.86+0.05 1.71+ 0.09 0.128+ 0.002 | -4.78+0.12 1.76+ 0.19 0.137+ 0.003
Yoyl rotated
Minor axis -4.87+0.01 1.69+ 0.03 0.126+ 0.001 | -4.83+0.02 1.69+ 0.05 0.134+ 0.002 | -4.79+0.05 1.70+ 0.09 0.138+ 0.003
Middle axis -4.87+0.01 1.69+ 0.03 0.125: 0.001 | -4.82+0.02 1.69+ 0.05 0.134: 0.001 | -4.78+0.05 1.69+ 0.09 0.139+ 0.003
Major axis -4.84+0.01 1.68+ 0.03 0.131+ 0.003 | -4.79+0.02 1.67+0.05 0.152+ 0.005 | -4.74+0.05 1.68+ 0.09 0.171+ 0.007
Yeyl randon?
axis 1 -4.86+ 0.01 1.69+ 0.03 0.125+ 0.002 -4.82+ 0.02 1.69+ 0.05 0.139+ 0.002 -4.77+ 0.05 1.70+ 0.09 0.143+ 0.003
axis 2 -4.86+ 0.01 1.69+ 0.03 0.126+ 0.001 | -4.82+0.02 1.69+ 0.05 0.138: 0.003 | -4.78+0.05 1.68+ 0.09 0.147+ 0.003
axis 3 -4.86+ 0.01 1.69+ 0.03 0.128+ 0.002 | -4.82+0.02 1.69+ 0.05 0.138+ 0.002 | -4.77+0.05 1.70+ 0.09 0.145+ 0.004

a For fits to all subsamplg@srojections, we use our AGN feedback model. Fit parameters
are defined in Eq. (4.9).
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Figure 4.14: The normalization, slope and scatter of Yhe M scaling relations all depend on the
simulated physics. Left: Th¥ — M scaling relations at = 0 for all physics models that we simulate:
shock heating (green), radiative cooling (blue), and AGN feedb@k (They-axis has been scaled by
M5/3 to highlight the deviations from self-similarity. Right: The probability distributiémsthe scatter,
o6Ya/Y, relative to the best fits to all three physics models. We also show Gaudsigddited lines)
and include Poisson deviations for the AGN feedback simulations (grey) b&ve find that the AGN
feedback simulations have the largest scatter and a steeper slope abtoghreother simulations.
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Figure 4.15: The redshift evolution of fit parameters of the M scaling relations for all simulated
physics models is consistent with the self-similar prediction (Eq. (4.13)). hbfer sheY — M scaling
relation fits for the normalizatiorB, (left panel) and slopé&, (right panel) as a function of redshift and
for two different virial masseMjqo and Msgo, and compare those to the self similar prediction (dotted
black). Note that th& — M relation from AGN feedback simulations has #&elient slope, but shows
no anomalous redshift evolution; hence, it is consistent with the predidtiomsself-similar redshift
evolution.
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Figure 4.16: The results from sub-sampling the M relations by the kinetic-to-thermal energy ratio
(K/U) for the AGN simulations. Left: Th& — M scaling relation for the three KJ sub-samples,
upper 3 (red), middle & (green) and lower 8 (blue), with the corresponding slope fitted to those
points. The y-axis has been scaledMy’® to highlight the deviations from self-similarity. Right: The
probability distributions for the scattefY,/Y, relative to the best fits to the three sub-samples and the
total distribution (black), including the Gaussian fits (dotted lines) and thes®woideviations for the
upper 3 sub-sample (grey band). The sub-sample pUKvith the largest kinetic pressure support
(upper 3 shows systematically lower tot¥l values for a given mass as well as larger scatter, while
the lower K/U sub-sample has the lowest scatte~010%. This is expected because a larger kinetic
pressure contribution implies a lower thermal pressure and hence desyea
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the simulations, we find that both, the shock heating and radiative coolingsséwp consistent with this
self-similar derivation for th&r — M relation, while the AGN feedback simulations has a steeper, mass-
dependent slope. This break from self-similarity in the AGN simulations afieesthe suppression of
star formation in the higher mass clusters and a feedback-induced défieis inside the lower mass
clusters. Over the redshift ranges we explare-(0 to z = 1.5) and for all simulated physics models,
theY — M scaling relation normalization changes as predicted by self-similar evoluttharslopes
remain essentially constant (cf. Fig. 4.15). So,YheM relations from AGN simulations areftierent at
redshift zero, but evolve as predicted by self-similar evolution. Additigniig. 4.15 shows that these
results on the redshift evolution are independent of the two aperture simesen, which correspond
to over-densities of 200 and 500 times the critical density. As noted in pregections, within the
radii Rsop andRyog galaxy clusters are relatively well behaved, which illustrate that the imgatuster
ellipticities and the kinetic pressure support are small. Furthermore, the valantained withinRsgg
andRyqq is large enough so that the SZ flux or equivalently the total thermal energyt significantly
dominated by the intricate physics of the cluster core region.

To quantify the scatter, we compute the relative deviation of each clustartire mean relation,
O0YA/Y = (Ya — Yaiit)/ Yast, and then fit this distribution with a Gaussian,

(4.14)

G(6YA/Y) = Aoexp[M}.

2
20'Y

Here the parameteX, is the normalization andy is the variance, which we will refer to as the scatter.
Here we have chosen to model the variation about the mean as a Gaudsianprevious work by
Stanek et al. (2010) showed that a log-normal distribution is also a rabodescription of the scat-
ter. In Appendix 4.11, we show that within the (Poisson) uncertainties,dites is clearly Gaussian
distributed and only approximately log-normal. Forcing a log-normal distribuitidroduces higher-
order moments such as skewness and kurtosis as can be seen by the taildigtritbutions and their
asymmetric shapes.

We find that the scattetry, for the entire sample of clusters is between 11 % and 14 % (cf. Fig.
4.14 and Table 4.2), which is consistent with previous work (Nagai, 28€hek et al., 2010; Yang
et al., 2010). In the simplest simulations with only shock heating the sourcenifoscatter in the
Y — M relation has been proposed to arise from the formation time, the concentaatbthe dynamical
state of the cluster (Yang et al., 2010). As our simulations include more saiiplgysics models the
scatter increase from 11% to~ 14% at redshift zero and changes further~tdl2% to~ 14% at
redshift one. Of the three fierent physics models, the simulations with AGN feedback model gives
the largest scatter. Note that this model for AGN feedback is self-reguiBtataglia et al., 2010) and
injects~ 2/3 of the energy before redshift one when the average cluster massicsigtly smaller
and the associated potentials are shallower so that a fixed energy injegti®Nis may in principle



4.6. SZ SALING RELATION 103

10°[

0.15+

AGN feedbackz=0
___ claupper ¥
___ clamiddle &
_ clalower 3¢

AGN feedbackz=0
___ claupper ¥
___ clamiddle 3
_ dalower 3¢
..... Gaussian fit

Yao0,spnl MpC? ]/ (Mygo/ 104 M@)5/3

0.00L

0.4

Mago [ Mo]

Figure 4.17: The results from sub-sampling the M relations by the gas/a axis ratio for the AGN
simulations. Left: Théy — M scaling relation for the threg/a sub-samples, uppef®3red), middle &
(green) and lower 8 (blue), with the corresponding slope fitted to those points. The y-axis é@s b
scaled byM®2 to highlight the deviations from self-similarity. Right: The probability distributidois

the scattergY,/Y, relative to the best fits to the three sub-samples and the total distributiok)(blac
including the Gaussian fits (dotted lines) and the Poisson deviations for plee 8psub-sample (grey
band). The sub-sample ofa containing the lowest values (largest ellipticities) shows systematically
lower totalY values for a given mass and larger scatter, while the more sphericatragdub-sample
shows a lower scatter of 11%. Additionally we find that the pressucga axis ratio sub-sample has
similar results (cf.Table 4.2).
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have a stronger impatt Thus, the increased scatter in tife- M relation from the AGN feedback
simulations compared to the simulations without feedback is a result of theyeimgggtion, which
heats and disturbs the ICM. This statement is in accordance with previsultsrfom Battaglia et al.
(2010), where they showed the impact of AGN feedback on the peegsofiles of galaxy clusters
and found that simulations with feedback had a shallower asymptotic pegssiiile slopes than those
without feedback. Thus, the intermittent nature of energy injection resudttairger scatter in thg— M
relation compared to simulations without energetic feedback.

4.6.4 Toward a fundamental plane ofY — M

After quantifying the scatter of the entire sample, we aim at understandingigis.o This may en-
able us to either construct a linear combination of physically motivated cdisles/that minimizes the
scatter or to employ subsampling of the full distribution according to some p&ease that the re-
sulting distribution exhibits a smaller intrinsic scatter and potentially allows for tigttemological
constraints.

In previous sections we explored the average radial trends for kineggspre support from bulk
motions and gas densipressure shapes of the ICM. Utilizing this information, we rank order galax
clusters according to their kinetic pressure support and intrinsic shégeniation. We follow the same
fitting procedure as above for subsets of the low&riddle 39, and upper 8 of the correspondingly
sorted distributions in order to demonstrate the impact of kinetic pressupegmd asphericity on the
Y — M relation fits and scatter. For the rest of this section we concentrate olyssnan theY — M
relations of the AGN feedback simulations, since they show the greatesinamioscatter (this will
provide an upper limit on the scatter) and are most likely our best regesanof “real” clusters in
comparison to the other physics models in our simulations. We compute the ratietitko-thermal
energy, KU, within radial bins and use this ratio as a measure of dynamical state foaldreyglusters.

We define the internal kinetic enerdy, and thermal energy), of a cluster as

K(<r) = Zw (4.15)
U(<r) = Z% (4.16)

|
wherem andp are the gas mass and the SPH density, respectively for all paitiges than radius.
Note that K/U is the volume integrated analog to the rag, /P, which we show in Sect. 4.4 and
will be indicative of the formation history and the substructure for eachtetud-or the sub-sample
with the highest ratio of KU, we find a smaller normalization (cf. Fig. 4.16 and Table 4.2) where the
difference between this uppéef ®f the distribution and lower3is ~ 15%. Here some of the thermal

3Similar results were found by McCarthy et al. (2011) in simulations with aendetailed feedback prescription.
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Figure 4.18: Rotating the clusters into their major, middle and minor axes showffdetseof sub-
structure on the cylindricalf — M relations. Left: The cylindrica¥ — M scaling relations from the
AGN simulations for clusters that have been rotated into their major, middle, arat enies defined by
computing the inertial tensor withiRygo. Right: The probability distributions for the scattéi(a/Y,
relative to the best fits to all three distributions, each representing a digémrotiation as well as the
spherical distribution (black). We include the Gaussian fits (dotted lines)renPoisson deviations for
the major axis rotation (grey band). Rotating the clusters such that integtetppens along the major
axis increases the total values, while further distorting and increasing the scatter (due to the large
cluster-to-cluster variance in the infall regions). Note that¥ggvalues are integrated along the given
axis from-3Rxq0 to 3Rx00; hence thexgy will always be greater than thé,, values.

pressure support has been compensated for by kinetic pressyreristgsulting in lower integrated
thermal electron pressure, thus, loweriviyalues. Note that more massive galaxy clusters are typically
in the high K/U sample rather then the other two samples. We find that the sub-sample with thessma
K /U values shows the lowest scatter10% for the AGN feedback simulations. Further sub-sampling
of the smallest KU values (e.g., the lowest$ does not decrease the scatter, which is limited 0%.

Our sample of galaxy clusters are also sorted by the ratio of minor to major/@ds defined in Sec.
4.5. Following the same procedure as for thBKsubsample and concentrating on the AGN feedback
simulations, we find that dividing the clusters up by ellipticitya, gives similar results in comparison
to K/U subsampling but are not as significant. The galaxy clusters with smaller étiggtibave larger
total Y values and less scatter, while the more triaxial clusters have lowert@ad large scatter (cf.
Fig. 4.17). These trends are reflected in the fit parameters of the sytles# — M relation shown
in Table 4.2, where the flierences between the uppéf and lower & sub-samples normalization
parameters is- 10%. Additionally, we found that using the pressure shapes instead ghthshapes
yield almost identical results (cf. Table 4.2). Note that we have used thesigtBD information when
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sorting the subsamples; however, these results are applicable to didegx@ected 2D information,
since the 3D and projected 2D axis ratios are highly correlated (cf. Fig.4.10

The result from sub-sampling clusters according th&JKatio and axis ratios indicate that there
are correlations between these physical properties and the clustenWefind that high-mass clusters
weakly correlate with larger KU ratios and larger triaxiality, which appears as an anti-correlation with
c/a values. Note, the correlation between mass gfadis weaker than mass and/H, as we found
previously in the radial profiles. These correlations between kineticspressupport, ellipticity and
mass are the result of the growth of structure being hierarchical, i.e.,erage, more massive galaxy
clusters are more likely to be forming recently. This supports the argumerkitigdic pressure support,
ellipticity and sub-structure are all tracers of the dynamical state and theafmm history of galaxy
clusters which is the ultimate cause of the intrinsic scatter ofytheM relation. Previous work by
Yang et al. (2010) found mass trends in the measured scatter, whichsisteon with our findings after
including the correlations between'|, c/a and mass. However, their conclusion iffgiient from ours,
since they claim that formation time (and the formation history) does not sigmilfyceontribute to the
scatter in the¥ — M relation and that the scatter is most sensitive to the DM concentration; a fithding
may partially be due to the inflicient resolution in their simulations.

For pointed SZ observations of galaxy clusters and SZ surveys, aahatwdel-independent ob-
servable is the projected fluXc, (Mroczkowski et al., 2009; Sayers et al., 2011). We fifagl > Yspn
in all cases, whether we chose the projection along a principal axis domaaxis. This is due to the
assumed extension along the line-of-sight integration which we choosettodmetimes the aperture
radius; in observations, structure beyond this scale may additionally catetiitn some cases. In fact,
a projection integral out toR}oo decreases th¥ — M slope for the AGN feedback simulations such
that it becomes consistent with the self-similar slope (cf. Table 4.2). We @rdifference between the
random 2D projections and the integration along the middle or minor axes wikae® the normal-
ization and slope (cf. Fig. 4.18 and Table 4.2). The scatter for the ra@bprojections is marginally
larger than the projections along middle and minor axes. Our results shothéhategration along the
major axis yields dramatically fferent results, both, for the normalization and scatter in comparison to
projections along the other axes. This has its origin in the more extended teilsRDF (cf. Fig 4.18).
The normalization and scatter between the major axis and the other @arsbgi~ 7% and~ 6%,
respectively; with the scatter being increased. At a higher redshifte tiiferences are amplified and
we find a~ 12% diference in the normalization and increase in scatter @9%. This indicates that
substructure is preferentially aligned with major axis and that substrucéaéli influences the result
from the inertial tensor beyoniggo.
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4.7 Discussion and Conclusions

In this paper we demonstrate that the spatial distribution of the ICM, kineti&spre support from bulk
motions, and self-regulated thermal energy feedback in clusters toatsve refer to as AGN feedback)
all play very important roles for the thermal properties of galaxy clustarparticular, the observables
for large SZ galaxy cluster surveys, such as ACT, SPT and Planckyevitiodified by these processes.
Below we highlight and expand on our main results.

Non-thermal pressure support and cluster shafgése contribution to the overall pressure supportin
galaxy clusters from bulk motionByi,, increases substantially for larger radii and is a strong function of
both, cluster mass and redshift. Including AGN feedback marginally eeesin /P in comparison
to the other (more simplified) simulation models, namely our shock heating-onlylmoedé¢hat which
additionally includes radiative cooling, star formation, supernova feddlbend CRs. However, the
difference is not substantial enough to be statistically inconsistent with the s@aaound the median
of Pxin/Pwm. The mass dependence and redshift evolutioRgf/ Py is governed byPyin and a direct
result of the hierarchical growth of structure. Semi-analytic appraaahejust beginning to modBjiy.

The full dependence on radius, mass and redshift of this compondmt dgfinition, self-consistently
included in hydrodynamic simulations.

We find that the distribution of gas density and pressure are weak fuscaifdhe simulated physics
models withinRyqg (excluding the cluster core) and that AGN feedback mildly modifies the geagas
shapes. The cluster mass dependence of the ellipticity is more moderate inrisompaPy;, /Ph. The
ellipticity is well behaved withirRsgg with little redshift evolution. In combination with the comparably
small non-thermal pressure support at these scales (which risestibaipdoeyond this characteristic
radius), the small clumping factor measured in our simulations, and the small catidifi of our simu-
lated cluster physics at these radii (in particular of our implementation of Aé&ldifack), this result is
reassuring for X-ray observations of galaxy clusters whichRigg to characterize clusters with high-
guality ChandraandXMM Newtorobservations. Hence, our analysis theoretically supports this choice
of radius (which was initially motivated by the simulations in Evrard et al. (19863l justifies some of
the main assumptions such as spherical symmetry and an almost radiusaigheletpeydrostatic mass
bias of~ 20— 25% when using a fair sample of clusters without morphological selectiortwvhiy be
applicable for the future eROSITA sample.

We find substantial redshift evolution inftérent dynamical quantities, e.@xin/Pw, the velocity
anisotropy, and anisotropy parameters such as ellipticities. This is in partibalaase for the changes
in the power-law behaviors of the radial profile of these quantities suttteasidden break in ellipticities
which moves to smaller radii as the redshift increases (when scalRghgp The break and the more
pronounced ellipticities anByi, /Py, outside a characteristic radius are a direct result of increased level
of substructure predicted by hierarchical structure formation and thecaged higher mass accretion



108 GiAPTER 4. SALING RELATIONS, NON-THERMAL PRESSURE, AND SHAPES

rate at higher redshift. We explicitly show (in the Appendix) that most of thashift evolution is
somewhat artificial and can be absorbed in a re-definition of the virid@isagcaling with the radius
that contains a mean density of 200 times the average mass density ratheretiaitidhl density of
the universe considerably weakens the observed trends with red3hiis. also suggests a physical
definition of the virial radius in terms of dynamical quantities (that, howewanain poorly defined
observationally), e.g., the equipartition radius of thermal and kinetic presshe region where the
velocity anisotropy becomes strongly radial, or the radius at which the ellippcisubstructure level
increases dramatically. These seemingljedent criteria all select a rather similar radius aro&aghm;
almost independent of redshift.

On scales> Rsgg, high resolution SZ experiments such as ACT and SPT should be able torperf
stacking analyses of projected SZ cluster images and — provided a suéaipéessize — may be able to
detect projected gas pressure shapes, potentially even in bins offtedsle results on the randomly
projected 2D axis ratios represent the theoretical expectations. Anytisgafiom the intrinsic 3D
distribution is highly correlated with the projected 2D distribution; we find that(there elliptical)
intrinsic cluster shapes can on average be inferred from their projact@dgues by applyinga 5 -
10% correction on the ellipticity. Another interesting outcome from our shapbysis is that there is no
direct and simple mapping of shapes and alignments for DM spatial distributioa trathand pressure
distributions possible mostly due to thdfdrence in substructure distribution and dissipational nature
of the gas. This result is troublesome for semi-analytic models which use atissilgss simulations
as a template to paste on gas distributions and pressure shapes. Such awilegiioduce additional
triaxiality and misalignment for such a semi-analytical model of the ICM. Theadvmagnitude of the
shape is reconciled by using the gravitational potential (e.g., Ostriker &04l5; Bode et al., 2009;
Trac et al., 2011) which has been shown to be less triaxial (Lau et all)204n the DM. However,
providing an algorithm to re-alignment these pseudo gas distributions is-triviah task.

Y — M scaling relations: Our simulations are in good agreement with the curtért M scaling
relations from both X-ray observations and SZ surveys. Howeverdpely predict ther — M scaling
relations for an SZ experiment such as ACT, SPTPtanckwithout any prior knowledge of cluster
masses, careful mock observations are needed. Those would hactitteia simulation of the CMB
sky with associated experiment noise and adopt the relevant clusteti@elpipelines for the given
experiment that employs the same cluster profile used for matched filterinden wr include all the
systematics and potential biases that are intrinsic to the data analysis, eag.pKers on the aperture

size.

We find that the inclusion of AGN feedback causes a deviation from thdiqtiens of self-similar
evolution for both the normalization and slope of ieM relation (as measured withiRpgg). However,
we recover the self-similar slope again in our projectedM scaling relations (where we integrate along
a cylinder of half-height Byqg), suggesting that AGN feedback pushes a fraction of its gas beyond the
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virial radius and a larger apertypeojection radius is able to recover the thermal energy from this larger
reservoir of gas.

Including AGN feedback also increases scatter inthe M relation compared to simulations that
include shock heating alone, from11 % to~ 14 %. Interestingly, sorting the clusters into subsamples
of K/U and c/a will reduce this scatter; e.g., KJ subsampling reduces the scatter freml4% to
~ 11%. We find that subsampling introduces only a small (predictable) bias mothealizations on the
order of a few percent. This suggests that observational proxiegkdatynamical state and ellipticities
may be used to construct a fundamental plane ofvtheM relation. The scatter ultimately originates
from the merging history with its redshift and mass dependent accretia) thtse determine the non-
thermal pressure support, the level of substructure, and the ellipticityileWhbsampling on one of
these secondary tracers may decrease the scatter, it is unlikely to skeoneah more if more tracers
are used (as they probe the same underlying process, albeit witiesedt weighting). Conversely, our
sorting analysis on th¥ — M relations suggests that large outliers from the mean relations would be
interesting candidates for follow up with high resolution SZ observationsegimey are more likely to
have larger kinetic pressure support and ellipticities.

A fundamental point to take away is that all results at larger radiRgqo) for the kinetic pressure
support and ICM shapes are dominated by substructure. We also saepihe of substructure on
the cylindricalY — M scaling relation when integrating along the major axis with which substructure
is preferentially aligned. Quantifying substructure statistically i&alilt because of the problem of
double-counting: the large volume contained within the radius that contafrisa®%he total SZ flux,
4Ry00, Necessarily leads to overlapping volumes of neighboring clustersciaipeat high-redshift.
Thus, this property remains challenging to model phenomenologically or (seraiytically.

As discussed previously in the literature (e.g. Battaglia et al., 2010; Suin, @041) SZ galaxy
cluster may provide further insight into the interesting astrophysics asedaiath the ICM of galaxy
clusters. This however may significantly complicate cosmological analyse®duging competitive
constraints. However, these are exciting prospects for studies dfdekdind other energy injection
processes within galaxy clusters especially at higher redshift sincekbetion function of SZ cluster
surveys probes galaxy clusters which populate the massive and higtiftehd of the distribution.

4.8 Appendix: Fitting function for Pyin/Piot

In Section 4.4 we show that the ratRy;, /Py is a function of mass. However, the previous empirical
fitting function for Py, /Pt (Shaw et al., 2010) does not include a mass dependence,

Pxin ro\™ Maoo  \™
—(r,2) = a(z , 4.17
P 02 = )(R5oo) 3x 104Mg, (4.17)

wherea(2) = ao(1 + 2)? for low redshifts ¢ < 1) and the fit parameters asg = 0.18 + 0.06,3 = 0.5,
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Figure 4.19: The kinetic pressure-to-total pressure is weakly massadeptPyin/Prot & M3 Shown

is the median oPyin/Piot as a function of radius for the AGN feedback simulations for various mass
bins with the 28 and 7% percentile values illustrated by the dotted lines for the lowest mass bin at
z= 0. For comparison, we also show the model for g /Pt by Shaw et al. (2010), which has been
calibrated from AMR simulations (dash-dotted). We illustrate the 1 ama@ntributions to¥, centered

on the median for the feedback simulation by horizontal purple and pinklears. Therefore, ignoring
this mass dependence results in a 60 #edence in this ratio for an order of magnitude change in the

cluster mass. Note that the medianRaf, /Py, scales a3

200° which results in a larger ffierence.
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Figure 4.20: Additionally including the 2 weighting in the definition of the inertial tensor decrease
the contribution at larger radii by 15 %, thus reducing theffect of substructure. Shown is the relative
difference between axis ratios with and without thé weighting for the gas density (red line), DM
density (blue line) and gas pressure (green line) weightings.

nne = 0.8+0.25, and by constructiomy, = 0. In Fig. 4.19 we compare the fitting function for Eq. (4.17)

and thePyi, to Pyt ratio. We find that including\/l%%

nm = 1/5. We chose a normalization of810**M to match the fitting function of Shaw et al. (2010).

scaling accounts for the mass dependence, i.e.

Thus, the median fierence between thy, to Py ratio for a 16°M, and a 1&6*Mg mass cluster is
~ 60%. Note that the ratio in Eq. (4.17) is similar to what is shown Fig. 4.1, hawByxg/ P depends

more sensitively on mass. We find that the mass dependence for this ratiatartwM_)>.

4.9 Appendix: Down-weighting the substructure in the inertial tensor

In both the gas density- and pressure-weighting for the inertial tensiog an additional ~2 weighting
has minor impact on cluster shapes (cf. Fig. 4.20) and we do not sedliffieyences when comparing
the axis ratios at larger radii. Note that the greaté&tot of ther ~2 weighting is in these outer regions

of galaxy clusters, where the axis ratios are not as large due tothsuppression in comparison to
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Figure 4.21. We compare the stacked radial velocity PDF (blue colorsjrendelocity anisotropys,
(red line) for all clusters at = 0 (left panel) andz = 1 (right panel) for a mass binax 10"*Mg, <
Maoo < 2.7 x 10"M@g. We choose a particular mass bin due to the strong mass dependghsbafin
in Fig. 4.5. The steep negative slope in the velocity anisotropy clearly matiche@sgion splash-back
region, i.e. the turn-around of earlier collapsed shells which minimizes thal raglocity component
such that the tangential components dominate the velocity.

the weighting without 2. So, the purpose of this weighting is to lessen the influence of substructure
which has been shown to be important at radii beyBpgh. However, this weighting scheme does not
completely remove thefiect of substructure, which is a non-trivial task in any stacking analysis.

4.10 Appendix: Galaxy cluster in velocity space and dynamical radius
definition

We define the velocity and the velocity anisotrggyfor the gas and DM in Sections 4.4.1 and 4.4.3. In
Fig. 4.21 we show the probability distribution function of the radial velocity witlhwblocity anisotropy
over-plotted. We find that the steep drop in the [BNprofiles beyondRygp marks a distinct region in
the cluster dynamics, the splash-back radius. This feature in the velo@ttiapy provides a distinct
dynamical marker for a radial boundary in a cluster (though it is not mabée). At the splash-back
radius we find a tangential flow signifying a decrease in the radial velospedsion as a result of the
radial velocity approaching zero. Furthermore, we show that this relagdween the negatiye and
the splash-back region of the cluster as a function of redshift is nstantifraction oR»qg. As noted in
the main text, we found similar radial trends as functions of redshift in botkittetic pressure support
and ICM ellipticity when scaled biRxgo.
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Figure 4.22: The choice for our working definition of virial radius (alensity relative to the critical
density of the universe) has an impact on the redshift evolution of dymhneigions of galaxy clusters.
Left: Shown is the velocity anisotrog/at the a given redshift for a mass bir& 10t Mg < Mpgp <
2.7 x 10**h~t M scaled byRxgo. The colored arrows show the locationRyoom and correspond to the
same redshift colors in the legend. Right: Same as the left panel, excetitaétdimensionless radius
has been scaled f0qm instead ofRz00. With this definition of virial radius (overdensity relative to
the mean mass density of the universe), the redshift evolutigrceises, especially for large radii. We
have chosen a particular mass bin due to the strong mass dependefsbdom in Fig. 4.5.
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Figure 4.23: The choice for our working definition of virial radius hasmapact on the redshift evolution

of both, the kinetic pressure support (left) and ellipticity (right) of galakisters. The figures shown

here are the same as Fig. 4.1 and Fig. 4.11 except that the dimensionlesshasl been scaled

by Rooam instead ofRxp0. With this definition of virial radius, the redshift evolution of both, kinetic
pressure support and ellipticity is decreased, especially in the outensegio
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Figure 4.24: Comparison of Gaussian and log-normal scatter relative be#tdit Y-Mscaling relation

atz = 0. We show the distribution of the relatiVimear deviation from the mean relatia¥i¥a/Y (cf.

Eqg. 4.14) with the solid blue line and compare it to a Gaussian fit (blue dottedalimklog-normal fit

(61logYa, red dashed line). The Poisson deviations are shown with the grey Hanelwe transformed
the fit to thes log Y, distribution intosYa/Y so they could be shown together. Té¥, /Y distribution

is fit by a Gaussian better than théog Y, distribution, withx?(6Ya/Y) ~ 1 andx?(5logYa) ~ 7.
Forcing a log-normal distribution introduces higher-order moments suckesness and kurtosis as

can be seen by the asymmetric shapes of the tails in the log-normal fit.
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These radial trends over redshift call for re-examination of the chimicéhe working definition
of radius, which is directly related to the definition of the cluster mass (see WalG2, for a more
thorough discussion of cluster mass definitions in dissipationless simulatibhak been the common
choice by both observers and theorists to define the mass within an radé titecaverage overdensity
is greater than a large multiple of a given background density, sush(@sandom(2). For low redshift
observations, the more popular definition has beermpthe) as the iso-density surface, since no prior
knowledge ofQ, is required. The question remains what definition is physically more intuitivenwh
comparing across various redshifts. At late times<( 1), clearly the inclusion of the dark energy
greatly influences the redshift evolution of the critical density comparedeartban matter density.
For a hypothetical isolated non-accreting galaxy cluster usin@theefinition will result in the cluster
radius shrinking as time approaches present day. As shown in Fig. dii] theR, definition clearly
selects dterent dynamical regions of the cluster as a function of redshift. At loegshifts,R, does
not match the position of any dynamical feature (i.e. steep drop in thes@¥the equipartition of
kinetic and thermal pressure) in the cluster. For comparisonRihg clearly selects the splash-back
region at each redshift (cf. Fig. 4.22) and appropriately scales tistecltadius such that an easier
comparison can be made across redshifts. Usindrihg scaling, we find that the drop in the gas and
DM anisotropy parameters align at similar radii and removes what appatfeoted like a redshift
evolution with the originaR, scaling of radius. This result is also found in the radius at which kinetic
pressure is in equipartition with thermal pressure and the sharp brea#l fouhe ICM ellipticity (cf.
Fig. 4.23). Thus, for comparison across redshifts it might be better toswit radial definition to

RA’m.

4.11 Appendix: Gaussian or Log-normal scatter?

Previous approaches quantified the scatter around the best-fit Yidgcalation with a log-normal
distribution, i.e. they characterized the distributionsddg Yy = logYa — l0og Ya st with a Gaussian.
Deviations from this log-normal distribution were computed with the Edgewagphrsion, introducing
substantial higher order moments, such as skewness and kurtosis &g etval., 2010). Using a non-
linear least squares approach we fit a Gaussian to bothltiger, anddY, /Y distributions. In Fig. 4.24

we show thatY,/Y distribution is a better fit by a Gaussian within the (Poisson) uncertainties than th
§log Yx distribution, withx? ~ 1 compared to? ~ 7, respectively. Hence we suggest to use relative
linear deviation instead of log-normal scatter for future characterizations cf¢hger in Y-Mrelation.
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Chapter 5

Deconstructing the Thermal
Sunyaev-Zel'dovich Power Spectrum

5.1 Chapter Overview

Secondary anisotropies in the cosmic microwave background have thatipbte be a treasure-trove
of cosmological information. However, current experiments are alrdiatdted by theoretical uncer-
tainties in interpreting their results rather than by measurement errors, Wefecus on the secondary
anisotropies resulting from the thermal Sunyaev-Zel'dovich (tS#ot the amplitude of which de-
pends critically on the average thermal pressure profile of groupslasters. To this end, we use a
suite of hydrodynamical TreePM-SPH simulations that include radiativéngpatar formation, super-
nova feedback, and energetic feedback from active galactic nd¢). We examine in detail how the
pressure profile depends on cluster radius, mass, and redshift@ardgan empirical fitting function.
We employ three dierent approaches for calculating the tSZ power spectrum: an analypicaiach
that uses our pressure profile fit, a semi-analytical method of pastingressure fit onto simulated
clusters, and a direct numerical integration of our simulated volumes. Werdgrate that the de-
tailed structure of the intracluster medium and cosmic wedcathe tSZ power spectrum. In particular,
the substructure and asphericity of galaxy clusters increase the tSZ ppegtrum by 16- 20% at

¢ ~ 2000- 8000, with most of the additional power being contributed by substructurbe contri-
butions to the power spectrum from radii larger tiyao is ~ 20% atf = 3000, thus galaxy clusters
interiors { < Rspg) dominate the power spectrum amplitude at these angular scales.

5.2 Introduction

As cosmic microwave background (CMB) photons travel through tffeigh hot gas comprising the

bulk of baryons in galaxy clusters, a fraction of them are upscatteratidogas in a process called

117
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the thermal Sunyaev-Zel'dovich (tSZJfect (Sunyaev & Zeldovich, 1970). This scattering produces
a unique spectral signature in the CMB, with a decrement in thermodynamic raiumgebelowy ~
220 GHz, and an excess above. The tSZ is typically seen on arc-minlge,smad is referred to as a
secondary anisotropy, as it originates between us and the surface etédtering, unlike the primary
CMB anisotropies. In the non-relativistic limit, the tSZ is directly proportional ®ittiegrated electron
pressure along the line of sight. It typically traces out the spatial distribufiggalaxy clusters and
galaxy groups, since the hot intracluster medium (ICM) tends to dominate #®flisight pressure
integral. Thus, the tSZ provides an excellent tool to examine the bulk of cloatgons. Found at the
intersections of filaments in the cosmic web (Bond et al., 1996), galaxy dusten from the highest
peaks of the initial matter density field. They are sign posts for the growttrudtare in the Universe,
and are a potentially powerful tool for probing underlying cosmologieabmeters, such ag the dark
energy pressure-to-density ratio.

The angular power spectrum of the tSHeet is extremely sensitive to cosmological parameters
like og, the RMS amplitude of the (linearized) density fluctuations bn*8vipc scales. In fact, the
amplitude of the tSZ power spectrum scales at least as steeply as the ggmgattofog (Bond et al.,
2002; Komatsu & Seljak, 2002; Bond et al., 2005; Trac et al., 2011) andoiriy the constraints
on og will aid in breaking the degeneracies found betwegnandw when using only primary CMB
constraints. An advantage of using the tSZ angular power spectruncoueating galaxy clusters is
that no explicit measurement of cluster masses is required. Also, lower, sxadsherefore fainter,
galaxy clusters that may not be significantly detected as individual obje&Z2 &till contribute to this
statistical signal. However, disadvantages of using the tSZ angular mpeetrum include potential
contamination from point sources and that no redshift information frongétexy clusters is used.

Previous observations by the Berkeley-lllinois-Maryland AssociatidM@® Dawson et al., 2006),
the Atacama Path-finding Experiment (APEX-SZ, Reichardt et al., 20@®bQuest at DASI (QUaD,
Friedman et al., 2009), Arc-minute Cosmology Bolometer Array Receiv€BAR, Reichardt et al.,
2009a), and the Cosmic Background Imager (CBI, Sievers et al., 20lD®)easured excess power
above that expected from primary anisotropies, which have been atttitugmme combination of the
tSZ dfect and point source contamination. The measurements from these exgsrprevided upper
limits to the tSZ power spectrum amplitude. More recently, the Atacama Cosmoldggscdpe (ACT,
Fowler et al., 2010; Dunkley et al., 2010) and the South Pole Telescdpg (Sieker et al., 2010;
Shirokdf et al., 2010; Keisler et al., 2011) have detected the &ein the CMB power spectrum
The results from ACT and SPT emphasize that the “sweet spot” for magghe tSZ signal is between
¢ ~ 2000- 4000. Silk damping (Silk, 1968)and other contributions to the power spacine much
smaller than at even highér At these scales there are important additional contributions to the power

1The Planck collaboration has released some early SZ science (engk Flallaboration et al., 2011a,b,c), but to-date
there have been no power spectrum results.
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spectrum from the kinetic SZ (kSZjfect, which arises from motions of ionized gas with respect to the
CMB rest frame, as well as dusty star-forming galaxies and the radioigaldoth of which appear as
point sources. All these signals increase the uncertainty when deterrttiein§Z power spectrum, and
hence the parameters derived therefrom.

Three main tools have been used to estimate the tSZ power spectrum: Analytitsremtai-
analytical models, and numerical simulations. They have been used te devieral dterent templates
for the predicted tSZ power spectrum (e.g., Cole & Kaiser, 1988; MakirBu&, 1993; da Silva et al.,
2000; Refregier et al., 2000; Holder & Carlstrom, 2001; Zhang & P&912 Springel et al., 2001a;
Komatsu & Seljak, 2002; Zhang et al., 2002; Bond et al., 2005afectet al., 2006a,b; Battaglia et al.,
2010; Shaw et al., 2010; Trac et al., 2011; Efstathiou & Migliaccio, 20Thgre are both shape and am-
plitude diferences between these three approaches that compute the tSZ patremnspeomparisons
are required to understand thesé&etiences (Refregier et al., 2000). At the base of theerdnces is
the galaxy cluster electron pressure profile, since it is a crucial anerant component in the analyti-
cal thermal SZ power spectrum calculation. The electron pressurdeptlirectly related to the total
thermal energy in a cluster and is sensitive to all the complicated gastroplofdive ICM. For exam-
ple, some of the ICM processes that should be included are radiatiliag,asiar-formation, energetic
feedback from AGN and massive stars, non-thermal pressure gupyagnetic fields, and cosmic rays.
Deviations from an average pressure profile, from galaxy clustéastisicture and asphericity will also
contribute to the tSZ power spectrum. But how much?

The inclusion of AGN feedback is vital to any tSZ power spectrum templateg@a et al., 2010).
Furthermore, an energetic feedback source (AGN feedback beingnalse popular) seems to be an
important addition to any hydrodynamical simulation, since simulationsevithradiative cooling and
supernova feedback have problems with excessive over-cooling stecloenters (e.g. Lewis et al.,
2000). This over-cooling results in too many stars being produced atxpfense of ICM gas, which
unphysically alters the thermal and hydrodynamic structure of ICM.

In this paper we present a detailed comparison of the three approasgesoucalculated the ther-
mal SZ angular power spectrum. This comparison allows us to identify andtifuthe differences
between each method. Section 5.3 briefly summarizes the simulations used in rthisnddSection
5.4 outlines the calculation of the analytical tSZ angular power spectrum. diio8g 5.5 and 5.6 we
present our results for numerical average thermal pressure profildetailed analysis of the tSZ power
spectrum, respectively. In Section 5.7 we provide updated constraintg asing the new ACT and
SPT measurements of the CMB power spectrum at higind we summarize our results and conclude
in Section 5.8.



120 GiaPTER 5. DECONSTRUCTING THE THERMAL SZ FowER SPECTRUM

5.3 Cosmological simulations and cluster data set

We use a modified version of the smoothed particle hydrodynamical (SRi¢)@ADGET-2 (Springel,
2005) to simulate cosmological volumes. We use a suite of 10 simulations with jcebiodndary
conditions, box size 1651 Mpc, and with equal numbers of dark matter and gas partisigg =
Ngas = 256°. We adopt a flat titedACDM cosmology, with total matter density (in units of the critical)
Qmnm = Qpm + Qp = 0.25, baryon densitf2, = 0.043, cosmological constaf, = 0.75, a present
day Hubble constant ofly = 10th = 72 km s* Mpc™, a scalar spectral index of the primordial
power-spectrumms = 0.96 andog = 0.8. The particle masses are thegss = 3.2 x 10°h~t Mg and
mpm = 1.54x 10%h~1 Mg. The minimum gravitational smoothing lengthss= 20h~! kpc; our SPH
densities are computed with 32 neighbours.

We include sub-grid models fékGN feedbackradiative cooling, star formation, and SN feedback.
Throughout this work we will refer to these simulationsAGN feedback The radiative cooling and
heating were computed assuming an optically thin hydrdgdium gas with primordial composition
in a time-dependent, spatially uniform ultraviolet background (Katz et aPg18laardt & Madau,
1996). Star formation and supernovae feedback were modelled usihgtihd multiphase model for
the interstellar medium of Springel & Hernquist (2003a). The AGN feellmescription included in
the simulations (for more details see Battaglia et al., 2010) allows for lowelutesoand hence can
be applied to large-scale structure simulations. It couples the black haktiaoaate to the global star
formation rate (SFR) of the cluster, as suggested by Thompson et ab)(208e thermal energy is
injected into the ICM such that it is proportional to the star-formation within amgispherical region.

We adopt the standard working definition of cluster r&ljias the radius at which the mean interior
density equals\ times thecritical density pc(2) (e.g9., forA = 200 or 500). For clarity the critical
density is

2

3H
par(2) = ch [Qm(l +2)°%+ QA] . (5.1)

Here we have assumed a flat univer®g, ¢+ Q5 = 1) and are only interested at times after the matter-
radiation equality, i.e., the radiation term with is negligible. It is important to note that all masses and
distances quoted in this work are given relativehte: 0.7, since most observations are reported with
this value ofh.
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5.4 The Analytic Calculations of tSZ Angular Power Spectrum

The tSZ can be adequately modelled as a random distributed Poissorsprndbe sky (Cole & Kaiser,
1988Y. There are two components in this model that are required for a statistprakentation of the
secondary anisotropies: (1) The number density for objects of a gieas; and (2) the profile of the
same object and class, centered on its position. We focus on galaxysgandlusters, since they are
the dominant source of tSZ anisotropies. This approach is referredtie d&mlo formalism (e.g., Cole
& Kaiser, 1988).

The non-relativistic tSZ signal is the line of sight integrations of the electressure,

T = o= 1002 [P, (5.2)
wheref (v) is the spectral function for the tSZ (Sunyaev & Zeldovich, 19y@3,the Compton-y param-
eter,o1 is the Thompson cross-sectiar is the electron mass arit} is electron pressufe For a fully
ionized medium, the thermal pressi®g = Pe(5Xy + 3)/2(Xy + 1) = 1.932P,, whereXy = 0.76 is the
primordial hydrogen mass fraction, aig, is the thermal pressure.

We adopt the successful analytieaisatzor halo number density as a function of mass

dn(M,2)  pm RM) do(M,2)?
dM  2M230(M,2)2 dR(M)

whereo(M, 2) is the RMS variance of the linear density field smoothed on the sc&é\df, and f (o)

f(o(M, 2) (5.3)

is a functional form determined from N-body simulations (e.g., Jenkins &G01; Warren et al., 2006;
Tinker et al., 2008). In this work we use the mass function from Tinket.gR808) for the analytic
calculations. Note that the tSZ power spectrum is only mildly sensitive to the plartcof the mass
function (Komatsu & Seljak, 2002).

The tSZ angular power spectrum at a multipole mon#ast

av dn(M, 2) _
_ 2 [ YV 2
qm—wyfwmf i We(M.2)dM, (5.4)

whereyy(M, 2) is the form factor, which is the Fourier transform of the projected elecpessure
profile, Pe. We do not include higher order relativistic corrections{o) (Nozawa et al., 2006).

The functional form ofy;(M, z) can be determined empirically in observations or simulations, or
can be determined analytically (Komatsu & Seljak, 2001; Ostriker et al., 28@8ai et al., 2007;
Arnaud et al., 2010). Following Komatsu & Seljak (2002) we compu(®;2), under the assumption
of spherical symmetry and using Limber’s approximation,

°Note that we are not including the contributions from the clustering of clsistémce this is sub-dominant on scales of
¢ > 300 (Komatsu & Kitayama, 1999).
3Here we have ignored the temperature of the CNIByg, sinceTcys << Te, henceng ks (Te — Tems) = Nekg Te = Pe.
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Anrg o7 2P, ) sin(¢x/{s)

¥e(M,2) = ———
¥e(M, 2) 2 md? X/l

dx, (5.5)

wherex = r/rgis a dimensionless radiugés = Da/rs is the corresponding wave number, abg is
the angular diameter distance. We follow Navarro et al. (1997) in ouritefirof the scale radius in a
cluster with concentratioongwy, I's = I'vir/CnEw. Here we use the definition for the virial radius from
Bryan & Norman (1998).

The dominant source of uncertainty@a:sz comes fromy;(M, z), since given a cosmology, one can
easily calculate the volume element, and the mass function is knowr th0%6 (Tinker et al., 2008).
Thus, the pressure profile is the critical input into the analytical tSZ angolaer spectrum. We would
ideally like to knowy;(M, 2) as well as we know the mass function. This requires an understanding of
the detailed physical processes whidcteet cluster pressure profiles.

The Gaussian and non-Gaussian variance of the power spectrum isaldatated using the halo
formalism (Cooray, 2001; Komatsu & Seljak, 2002; Zhang & Sheth, 2@8biaw et al., 2009), again
neglecting the clustering of clusters term. The full-sky variance is

2(Cris2)? Tee
2 :
Tz = | Trp1 0t an (5:6)

whereT,, is the trispectrum (see Equation (5.7)). The variance is proportional tekiharea covered,
so for a fractionfsy, of the sky covereds? o 1/ fsky. In this work we will present the diagonal part

e 1Sz
of the covariance; the diagonal of the trispectrum is

dv dn(M, 2) _
Tussz = 10)* [ Gz [ T2 2ytam 57)

5.5 The Thermal Pressure Profile

The cluster thermal pressure profile is the most uncertain componenttbitimeal SZ power spectrum.
In this section we use a large sample of clusters from hydrodynamical simdadiod explore the
mean cluster profile and the subtldfdrences from self-similar scaling (e.g. Kaiser, 1986; Voit, 2005).
Comparisons between the latest pressure profiles from analytics,vabeas, and simulations have
shown that they are in reasonable agreement with one another (Arbald2010; Shaw et al., 2010;
Trac et al., 2011; Sun et al., 2011). Previous work has shown that #&@tiback can alter the pressure
profiles, though the profiles are comparable to previous simulations amdvations (Battaglia et al.,
2010). We show the dependence of the pressure profile on the clusteramd redshift and explore

deviations from the self-similar scaling.



5.5. THe THErRMAL PRESSURE PROFILE 123

0.100 0.100

S|

lRAGN TRsuo TR”

AGN feedback, 1.1 X T0Mg< Mygo< 1.7 X 18* Mg,
p—

o
o
=
o

o Te
AGN feedbackz = 0 0.010

fi
4.7 x10°Mg< My, < 7.3 x 16° Mg,
7.3x10° Mo < Myo< 1.1 x 16* Mg,
1.1 X 10" Mg < Myg< 1.7 x 16* Mg
1.7 x 10* Mg < Mygo < 2.7 x 16° Mg,
27 x10*Mg<My< 4.2 x 16* Mg,
— 4.2x10*Mg<Myp< 6.5 x 16* Mg,
65X 10*Mg< M,y < 1.01 x 1& Mg
_ 1.01 x 16° Mg < My < 1.57 x 16° Mg,

P/ Pago (11 Rygo)?
<
Py
2

Pin/ Paoo (T / Rygo )°

PRPOOOO

.3
.5
7
.0
5

NNNNN

<
o
o

ified GNFW fit

0.001:,;.:-"" ...... Modified GNFW fit | i 0,001 ]
40P T ‘ 20f :
— 20F i :
X F . :
= 0} - 3
o r - £
< 20F 2 :
4oL ] -60F ]
0.1 1.0 0.1 1o
rl R200 r/ RZOO

Figure 5.1: The normalized average pressure profilegpanametrized fitso these profiles from simu-
lations with AGN feedback scaled by/Ra00)3, in mass bins (left panel) and redshift bins (right panel).
Here we have independently fit each mass and redshift bin. The gnelyshaws the standard deviation
of the average cluster in the most massive bin (left) and lowest redshitipht). In both panels we
illustrate the radii that contribute 68% and 95% of the total thermal en&rgyentered on the median,
by horizontal purple and pink error bars. The bottom panels show tleepiditerence between the fits
and the average profiles. The generalized NFW with fixexhdy fits the average profiles well in the
majority of the mass and redshift bins, with deviations witkhi®% of the mean. The upturns at large

radii are due to contributions from nearby clusters and substructure.
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Figure 5.2: The normalized average pressure profilesandtrained fitdo these profiles from simula-
tions with AGN feedback scaled by/Rq0)2, for mass bins (left panel) and redshift bins (right panel).
The constrained fit is a global pressure profile, as described in thenwiktparameters in Table 5.1.
It differs from the fits in Figure 5.1, where each bin was fit independently. Téelgand shows the
standard deviation of the average cluster in the most massive bin (left)wasticedshift bin (right). In
both panels we illustrate the radii that contribute 68% and 95% of the total thermaayy,Y, centered
on the median, by horizontal purple and pink error bars. The bottompahew the percent flerence
between the constrained global fit and the average profiles. The aimestrfit matches the average
profiles well in the majority of the mass and redshift bins and the deviationwitlran ~ 10% of the
mean. The upturns at large radii are due to contributions from substeumtal nearby clusters.
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5.5.1 Fitting Pressure Profiles from the Simulations

We apply the following four-step algorithm to compute the average thermsdpre profiles in our simu-
lations. First, we find all clusters in a given snapshot using a frienddgesfds (FOF) algorithm (Huchra
& Geller, 1982) using a linking length of 0.2 and MgoF mass cut of 4 x 10'*Mg. Second, starting
with a position and radius derived from the FOF results, we find the finatelpositions by recursively
shrinking the radius of the sphere examined, and re-center on its céntass. Given the cluster center,
we then calculate the spherical-overdensity mass and radiyandR,. Third, we calculate the thermal
pressure profile for the entire sample of clusters in spherical shells, veitshiblls defined relative R,
(for the pressure profiles, we uge= 200). To facilitate profile comparisons and cluster stacking, we
normalize each profile by the self-similar amplitude for pres®we= GMaA pcr(2) T/ (2Ra) (Kaiser,
1986; Voit, 2005), withf, = Q,/Qn. Finally, we form a weighted average of these profiles by stacking
clusters in a given redshift and mass bins. We use the integrated Coyapsmameter as our weighting
function,
oT Ra >

Ya = ma . Pe(N)4ar<dr o« Egn(< Ra), (5.8)
The stacked average profil@_a] = (Pi/PA) are then fit to a restricted version of the Generalized NFW
profile,

Pric = Po (X/%c)” [1+ (X/%)*] 7, X =/Ra, (5.9)

where the fit parameters are a core-scalean amplitudd®; and a power law indeg for the asymptotic

fall off of the profile. There is substantial degeneracy between fit paramstevee fixa = 1.0 and

v = —0.3 (as suggested by Nagai et al., 2007; Arnaud et al., 2010). We fitfittimgy for all parameters
did not provide a significantly better fit than wherandy were fixed. However, without fixing andy,

a direct comparison of fit parameters betwedfedent mass and redshift slices was not meaningful. We
find the best-fit parameters using a non-linear least squares LegeMaequardt approach (Levenberg,
1944; Marquardt, 1963). We weight each radial bin by the intern&wmee of the cluster profiles within
that bin.

In Figure 5.1, we show the mass and redshift dependence of the aveteger thermal pressure
profile and the corresponding parametrized fits to these profiles. Wetbeapgessure profiles by?,
such that the height corresponds to the contribution per logarithmic radgal/@h to the total thermal
energy content of the cluster (cf. horizontal purple and pink erros fi the radii that contribute 68%
and 95% of the cluster thermal energy). In the bottom panels of Figurevg.hjghlight the residuals
from the smoothed fitting function by showing the relativéetience APy, = 100(Pm - ISth) /Pi. The
fitting function, Equation 5.9, provides an accurate fit over all mass atshi# ranges, with a majority
of the deviations from the average profile bein%.
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We find that there are subtle dependencies on the cluster mass andtr@dsHiéble 5.1), which
suggests that excluding these dependencies would not yield the refuirg8% precision needed for
calculations of tSZ power spectrum. We also find that there are contributioiie average pressure
profile at larger radii from substructure and nearby clusters, whacise deviation from the mean profile
to be greater than 5%. In a companion paper, we also show that substratgats the kinetic support in
cluster outskirts and the shape of the ICM shape at similar radii (Battaglia 20&1). In these regions
(redshift dependent, but typically 2R»q0) Psic often deviates froniPy, by more than 5%. We chose not
to model this behavior because of two reasons. First, the problem ofedoabnting SZ flux: the large
volume contained within the radius that contains 95% of the total SZ flex4R»q0, Necessarily leads
to overlapping volumes of neighboring clusters, especially at high-itdSecond, the total SZ flux
of an increasing pressure profile, scaledBydoes not converge and an arbitrarily chosen radialfEuto
would substantially contribute to the resulting power of the tSZ power specBeacause we weight by
the variance within radial bins, these contaminated regions are naturally-deighted in the profile
fits.

5.5.2 Constrained Thermal Pressure Profile Fits

In this section we derive a global fit to our pressure profiles as a funcdionass and redshift. We
find treating each parameter as a separable function of mass and rgdssfgood results, with the fit
parameters constrained to be of the following form: For generic pararetee have

A=A (M)m (1+2)°%. (5.10)

104 Mg

For each ofPg, 8, andx;, we find a, by fitting to thez = 0 snapshot, and we find, by fitting to
clusters with 11 x 10'*Mg < Moo < 1.7 x 10'*Mg. The weights used in the fits were the inverse
variance of the fit parameters when fitting each individual cluster in thag/redshift bin. With these
fit parameters, presented in Table 5.1, and using Equations (5.9) afj, (& now have a global
model for the average electron pressure as a function of cluster yagdshift, and mass. Hereafter we
refer to this global empirical description as the constrained pressufigepia Figure 5.2 we compare
the constrained fits to the stacked averages. With fewer degrees dbfineehe constrained fits will
naturally not be as accurate as fitting each rradshift bin completely independently, but we do find
that the mean recovered profile is accurate to thel®% accuracy with which we wish to measure the
tSZ power spectrum.

In Figure 5.3, we present projected 30 GHz temperature maps of 4 samgtiersl(cut at a spherical
radius of &Rsqg), their expected maps from the global constrained fit, and the errors ipréuicted
temperature. A quantitative comparison of the tSZ power spectrum is ddfentil Section 5.6.1.
Hereafter, we refer to the predicted temperature maps as pasted profie afe that this is not a
representative sample of theffdirence between the pasted profiles and the simulations. Instead, we
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Figure 5.3: A comparison of four projected pressure maps of simulategygellasters to the projected
pasted-profile maps. From left to right, the panels show the simulated cl{¢=i¢est a spherical radius

of 6Rspg), the projected pasted profiles from the constrained fit, and tfiereince map between the
two. The maps show the temperature decremexi in units of uK, at a frequency of 30 GHz. The
difference maps T, illustrate the scales and amplitudes of the residuals between the simulatedscluster
and the projected pasted profiles. Note the color scale is logarithmic for theveepanels (from -0.1

uK to -100uK), while it is linear for the diference map (from-30uK to 3QuK). For all panels the left

and top axes are in units of Mpc and the bottom and right axes are in units-ofiautes.
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Table 5.1: Mass and Redshift Fit Parameters from Eqgns. (5.9) and.(5.10

Parameter Ap = A, am @

Po 18.1 0.154 -0.758
Xc 0.497 -0.00865 0.731
B 4.35 0.0393 0.415

The input weights are chosen to be the inverse variances of fit paravadétes from the
individual pressure fits for each cluster within the bin.

attempt to show diierent size clusters acrosgférent redshifts and illustrate the scales of the deviations
from the constrained fit, primarily resulting from substructure the rightmost panel of Figure 5.3, we
show the residuals amplitudes between the simulated cluster projections arctibe profile from the
constrained fits. We find that these profiles are withid0% of the actual simulated cluster, which is
similar to the diterences found in the bottom panels of Figure 5.2. These substructarsigaificant

on scales of tens of arc minutes for nearby massive clusters and statesrinutes for higher redshift
clusters, corresponding tb~ 1000— 10000.

5.5.3 Analytic Assumptions in the Thermal Pressure Profile

Analytic and semi-analytic models typically rely on assuming an equation of steteame form of
hydrostatic equilibrium (HSE), possibly including non-thermal supporhgerFully analytic models,
(e.g., Komatsu & Seljak, 2002; Shaw et al., 2010), apply HSE to theoretgadrisally symmetric
dark matter potentials. Semi-analytic models, (e.g., Sehgal et al., 2010; {Tah¢ 2011), take dark
matter simulations, and paste baryons on top of the dark matter potential welils,using (possibly
corrected) HSE and an equation of state. The results from both clalssexmlels, then, rely critically
on the input equation of state and are sensitive to departures from H8&nirast, empirical fits to the
average cluster pressure profile derived from simulations have adkentage over analytical models
because the simulations naturally deal with kinetic pressure support foorthermalized bulk flows
which provide substantial support in the outer parts of clusters, bubtoantribute to the tSZ. They
also make no assumptions about HSE (which is grossly violated during, danice, mergers), and
rather than force an equation of state onto the gas, they track the flovei@fyeinto and out of the ICM.
The (semi-)analytic calculations cast the equation of state in terms of a préaaP « p', and
usually assume a constant whereP can be either the thermal pressutg which is the source for
the tSZ dfect, or the total pressur®y; = Py, + Pnt, WherePy is any non-thermal support, principally

4There is also some mis-centering, since the cluster center of mass dioasaessarily line up with the peak of the
projected pressure.
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Figure 5.4: The assumption of a constant thermal or total adiabatic inderpsisanalytic models
assume, is not consistent with the results from our simulations. The thergaio{id line) and total
adiabatic indexed Yo dashed line) are shown as functions of radius-at0 andz = 1 from simulations
with AGN feedback. For comparison, we show the total adiabatic indexms&thaw et al. (2010), and
we find that the dferences increase at larger radii, especially at high redshifts.

kinetic motion of the ICM. The total pressure is the input to the equation of hydrostatic equilibrium:

dPyot/ dr = —=GM(< )p / r2. (5.11)

We present thefective adiabatic indeX; = dlogP/d logp, as a function of cluster radius in Figure
5.4. We find that the assumption of const&nis grossly violated, particularly in the outer parts of
clusters, and foPy,. These results stress the importance of deriving pressure profilasolbservations
and hydrodynamical simulations, particularly as good-quality observatitata from cluster outskirts
is in short supply.
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Figure 5.5: In the left panel, we show a comparison of the current gredscfor the tSZ power spectra
at 150 GHz from our simulations with AGN feedback (red line) and the analytalculations using the

constrained pressure profiles in this work (blue line). The standaridtitav among our 10 simulations
is shown with a light grey band. We also include the semi-analytical simulatioBgbgal et al. (2010)

(pink dotted line) and Trac et al. (2011) which includes enhanced remmatkl pressure support (dark
green dashed line) and the fully analytical calculations by Komatsu & Sel@®2{2(orange dotted

line) and Shaw et al. (2010) (light green dashed line). The full-width-imak values appropriate for
the Planck, ACT and SPT beams are also plotted. Atdpwur two methods of calculating the tSZ
diverge because our simulations happen to contain a large number of hgghabjects driving the

power up, though the excess is consistent with expected Poisson flustuaichigh< the discrepancy

is the result of substructure and asphericity, as demonstrated in Secohahd 5.6.2. The right panel
shows a comparison between the current analytic calculations for the 82t gpectra and how the
power spectrum changes with the variation of the lower redshift limit of iatitsgm. The variance of

the full-sky power spectrum (cf. Equation (5.6)) is illustrated by the gaayds for the highest and the
lowest redshift limits of integration.
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5.6 The tSZ power spectrum in detall

In this section we compare thredigirent ways of calculating the tSZ power spectrum: directly project-
ing the electron pressure in the simulations, taking the simulation cluster cataldgs@ecting our
constrained global pressure profile onto the cluster locations (the tppstéile” maps), and using a
completely analytical halo calculation. For the analytic calculation, we use thefism described in
Section 5.4 and the constrained pressure profile from Section 5.5. Fsintiwation and pasted pro-
file, the thermal Comptog-maps are obtained by performing a line-of-sight integration of the electron
pressure through the entire simulation box at each redshift output,icgwee 0.07 toz = 5. For
each redshift-output map we compute the average power spectrunrfi@naimulations and add these
differential power spectra fip This procedure uses all the information within the simulation volume
and decreases the variance of the power spectrum, especially at lsliftedOne benefit of this tech-
nique is that by summing over redshift slicafser taking the power spectra, we ignore any correlations
between dterent redshift slices, adtectively happens in nature. With more traditional methods that
stack redshift slices (such as were used in Battaglia et al. (20108)nuast be taken thatfiierent red-
shift slices do not project the same objects to the same locations, as thasrattiticial correlations,
potentially altering the tSZ power spectrum.

In the left panel in Figure 5.5, we plot the tSZ power from our analyticéd lsalculation and that
from the AGN simulations. For reference, we include other tSZ powertspademplates (Komatsu
& Seljak, 2002; Sehgal et al., 2010; Shaw et al., 2010; Trac et al.,)20¥4 choose the cosmological
parameters for the halo calculation to match the simulations and integratezfeor0.07 toz = 5,
so that the only possible sources offdrences are the mass function and the pressure profile. There
are clear diferences between the analytical halo calculation and the complete simulation Tagps.
main diference at lowfs results from shot noise within the sample of simulated boxes, where we
had more (though consistent within the expected error) high-mass cltisterexpected, but this is
only a 6% dfect in the total power spectrum (cf. Appendix). Th&eliences at highefs arise from
deviations about the average pressure profile, including from clusbstrsicture and asphericity. We
see these variations in the residual maps of individual simulated clustectiwoje and pasted profile
projections (cf. Fig. 5.3). We further explore theséeliences in the power spectrum between the
analytic calculation and the simulations in the following Sections 5.6.1 and 5.6.2cHaiknging to
determine the causes for all thefdrences between our calculations and other calculations for the tSZ
power spectrum (Komatsu & Seljak, 2002; Sehgal et al., 2010; Shdw2040; Trac et al., 2011), since
the thermal pressure profile we use iffelient from the ones used by the other calculations. However,
the reasons for the filerences we find between our three methods, will be generally applicable to th

5Some older models have ignored kinetic support entirely, in which Bgse Py,.
5We have selected the redshifts at which we write out the simulation snapshuzighe light crossing time of the simula-
tion; hence, the total power spectrum is the sum of tiffedintial power spectra.
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other methods of calculating the tSZ power spectra.

The right panel of Figure 5.5 shows a direct comparison between alytaal model and the
Shaw et al. (2010) model. In both calculations, the same cluster mass fuwetsoumsed and the power
spectra are scaled to the same cosmological parameters, sdf#rerdies are related to the model
for the thermal pressure profile. We investigate the redshift integration linbitst find they do not
significantly dfect the diferences af > 1000. We present the expected mean and standard deviation
of a full-sky tSZ measurement as a function of lower redshift fund find that the low-variance is
substantially suppressed by raising the Ipwdtoff. On the scales where the tSZ peaks, we find both
the mean spectrum and the variance are only wedkécted by varying the redshift limit frorm=0.01
to z=0.14. Similar results have been found when making intensity cuts on sky mags €3 al., 2009).

We now present power spectra calculated directly from the simulationsiditi@n to projecting the
full electron pressure from all particles, we also take advantage of fbemation from the simulation
cluster catalogs. By doing this, we can employ mass, redshift, and radsi®a@xplore the dependence
of the full tSZ power spectrum. By pasting our global pressure profile ¢ations and redshifts of
simulated clusters, we can also explore, without having to worry aboutlearapance, the féects of
using our profile instead of the full simulation results.

We use the cluster catalogs described in Section 5.5.1, and remind the tfestdé¢ or is roughly
equal toMaqo, though with large scattérOur cluster mass function becomes incomplete beVtyyo ~
4 x 10Mg (cf. Appendix) primarily due to ouMgor cutdf in the original cluster finding of .4 x
10"3Mg, but partially due to the linking length merging some clugnsups into nearby larger clusters
at the 10- 15% level (e.qg., Davis et al., 1985; Bertschinger & Gelb, 1991; Cole &kait996; Cohn
& White, 2008). For these reasons we examine only cluster Migho > 4.2 x 10'2 Mg when we bin
clusters in mass.

In Figure 5.6 we show the cumulative distribution function (CDF) for the tS&qydor a CDF(M >
,Z <) at¢ = 3000. The CDF illustrates where the relative amount of power originatdsea25%,
50% and 75% percentile levels. Half the powerat 3000 comes from clusters with > 0.6 and
half originates from clusters with masdsgo < 2 x 10Mg. This result is in general agreement with
other work (Komatsu & Seljak, 2002; Trac et al., 2011). We note that th&pkars of these mass and
redshift ranges are sensitive to the input modeling of the ICM. The catipely low mass and high
redshift of the clusters and groups that make up the bulk of the tSZ sigraad that they have not been
as well studied as more massive and nearby objects. Thus, the tSZ gngu&arspectrum can provide
a statistical constraint on the astrophysical processes of importanéghateldshift and in low-mass
clusters.

"For the remainder of this paper, we use a low redshift €uibz = 0.07, so that we can directly compare our analytic
calculation to the simulations.

8For detailed work on comparing the mass definitionsvizbr to M, and the resulting halo mass catalogs from these
definitions see More et al. (2011) and the references therein.
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Figure 5.6: Shown is the cumulative distribution function for the thermal SZepmpectrum as a

function of mass and redshift &= 3000. The curves show the lower mass and upper redshifffsuto

that contribute [25, 50, 75]% to the tSZ power spectrum.£At 3000, half the power of tSZ power
spectrum comes from galaxy clusters with>- 0.6, and half comes from clusters witfisgp < 2 x
10Mg. For comparison, the dashed green lines show the semi-analytical rdstiléc @t al. (2011),

which include enhanced non-thermal pressure support.
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5.6.1 Contribution to the tSZ Power Spectrum in Cluster MassBins

In this subsection, we calculate the power spectrum in mass bins. This aldwgsolate the dierences
between the simulations, the pasted profile maps, and the analytic calculatfoncésns of cluster
mass, integrating in redshift betweer- 0.07 andz = 5. We explore both, cumulative andi@rential
mass bins. We consider all gas particles (or radii) withRadg when projecting the thermal pressure
of the simulations. In Figure 5.7, we show the power spectrum broken distwncumulative (left
panel) and dferential (right panel) mass bins. The bottom panels show the relatfezatices, where
AC, = 100(C¢.sim— Cri) /Cr.sim, With C;sim denoting the power spectra from the simulations and the
C,; are the power spectra from either the projected pasted profile maps oralyi@calculation.

The largest deviations between our anajgtitsted profile spectra and the full simulations are for the
highest mass\lsoo > 7x10"*Mg) clusters, particularly on small angular scales. The deviations between
the pasted profiles and the simulations in this mass range arise from the étthees of substructure
and asphericity in massive clusters in comparison to smaller objects due to theenent formation
epoch of large systems in a hierarchical structure formation (Wechs#dr, &002; Zhao et al., 2009;
Pfrommer et al., 2011; Battaglia et al., 2011). The high-maferénce between the fully analytic tSZ
spectrum and the simulation results reflects our overabundance of highatusters due to shot noise
relative to the mass function used in the analytic calculation. The agreentamtdreall three methods
is excellent for masses belowx710'“Mg until our cluster catalog becomes incomplete at low masses.
In the most massive cluster bin, the relativeetiences between the power spectra-ai®) — 60% for
¢ ~ 2000- 9000 (cf. Fig 5.7). For the lower mass bins th&eliences fluctuate betweear10%, with
the pasted profiles generally agreeing better with the full simulation results.

5.6.2 Contribution to the tSZ Power Spectrum in Redshift Bins

In this subsection we calculate the power spectrum in redshift bins andacertige results from the
simulation, the pasted profile maps, and the analytical calculation to aid in tendirg the dierences
between these approaches. In Figure 5.7, we show the power spéctiken down into cumulative (left
panel) and dferential (right panel) redshift bins. Here we fix the mass range tddpg > 4.2x 1013Mg

and set the lower redshift integration bound for the cumulative spectraze-k).07. We use the same
definition forAC, to show the dierences between power spectrum calculations. In contrast to the mass
cuts, the diferences between the projected simulated maps and the pasted profile nsapsaracross

all the redshift slices (cf. Fig. 5.8). Fér< 5000, there is & 5 — 10% ditference between the pasted
profiles and the simulations, rising $020% atf = 10, 000. This results suggests that the contributions
from substructure and asphericity to the power spectrum are similarsatresedshift range explored,
with the exception of one redshift bin~ 0.4 which contains a rare merger event. The large deviations
between the analytic and simulatfprofile-paste spectra in the highest redshift bin are likely due to the
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Figure 5.7: The tSZ power spectrum sorted into bins of cluster mass. Leftshew the cumula-
tive tSZ power spectrum in mass birG.(sz (Msgo > Mcy) from the AGN feedback simulations, the
pasted profile maps and the analytical calculation. Right: we show fferatitial tSZ power spec-
trum Crisz (Mcutiow < Msoo < Mcuthigh) for the same power spectrum calculations. In the bottom of
both panels we show the relativef@grence AC, = 100(Cy sim — Ct.i) /Cr.sim WhereCy sim is the power
spectrum of the simulated maps a@g is that from the pasted profile maps and the analytical calcu-
lation. The diterences between the simulations and the pasted profile maps result frolmstrea

of substructure and asphericity in the pasted profile maps, which is lasgendre massive clusters.
The larger diferences found between the analytical calculation and the simulations asstitteof the
mass catalog of the simulations having an excess of high mass clusters aitd#lifiver mass cluster
compared to the analytic mass function (cf. Fig. 5.11).
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Figure 5.8: The same as Figure 5.7, however for redshift slices. Lefshaw the cumulative tSZ power
spectrum in redshift bin€; sz (z < z.t) from the AGN feedback simulations, the pasted profile maps
and the analytical calculation. Right: we show th@etential tSZ power spectru@y 1sz (Zeutjow < Z <
Zeuthigh) for the same power spectrum calculations. In the bottom of both panelsavetse relative
difference AC, = 100(C¢sim — Cr,i) /Cr.sim WhereCy sim is the power spectrum of the simulated maps
andC;; is that from the pasted-profile maps and the analytical calculation. Theragre between the
pasted profile and simulation spectra is excellent below5000 for all redshifts. On smaller scales,
cluster substructure contributes similarly across all redshift bins examined
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incompleteness of the cluster catalogs at the lowest masses, which aeeptiefly more important
at high redshift. At low redshift, we attribute thefidirence between the analytic and the profile-paste
power spectra to the shot noise in the most massive clusters.

5.6.3 Contribution to the tSZ Power Spectrum within given Custer Radii

In this subsection we apply radial truncations to the full simulated pressuypss,rasaing clusters with

Msoo > 4.2 x 101Mg at 007 < z < 5. The procedures for making real space radius cuts in maps or
analytical calculations are not trivial, since any sharp cut in real spaxkices ringing in Fourier space,
potentially transferring power from large to small angular scales. Toaednging and the potential to
artificially increase the higlf-power spectrum, we use a Gaussian taper when truncating the pressure
profile. We place radial tapers at= Rsgo, 2Rs500, 3Rs00, @and BRsqg in the maps, adoptingRggo as the
reference radial tap&r The form of the taper is

r—rg 2
T7(r)= eXp[— (8OX—R500) l (5.12)

for r greater than the taper radias and unity otherwise. In the bottom panel of Figure 5.9 we show
the relative diference AC, = 100(Cyrsy, — Cr,i) /Cr6Rs00 WhereCy gry, is the power spectrum from
the Rsop radial cut andC,; are power spectra from the other radial cuts. The trend we find is that the
large radii of clusters are only important for the |déw, for example the contributions to the tSZ power
spectrum when only integrating out Rsqg yields ~ 30— 65% of the total power frond = 100— 1000,
respectively. A¥ = 3000 only about 10% of the total tSZ power comes from beyRiyg. This number

is consistent with previously quoted values (Sun et al., 2011). We notthératis some small residual
Fourier ringing, as the tapered spectra rise above the fiducied af many thousand. Nevertheless,
at higher¢, the cluster centers begin to be resolved and become the dominant comgritautbe tSZ
spectrum since their surface brightnesses are so much larger thamesjom in the cluster outskirts.

5.7 Constraints ofog from Current ACT and SPT Data

Using tSZ power spectrum and ignoring any template uncertainty, the cimswaocg are competitive
with other cosmological measurements. After accounting for template undgrtdiere is no statisti-
cally significant discrepancy betweemn determined from the tSZ power and that derived from primary
CMB anisotropies, or other the measurements (Dunkley et al., 2010; 8ffietkal., 2010). Here we
use ourC, sz templates at the fiducial parameterg = 0.8 (andQph = 0.03096) to define the shape
of the tSZ power spectrum, and content ourselves with determining only theatenamplitude Aisz,

SWe avoid double counting gas particles when we project them into mapsaiftiale lies in the overlap region between
two clusters, we taper the particle with the larger of the two possible tapersyalae those particles with a smaller radius
R/Rsq0, to avoid artificially suppressing power in the overlap region.
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Figure 5.9:Cisz (r < Reuy) for the AGN feedback simulations. The thermal pressure distribution has
been tapered as in Equation (5.12) at varying cluster-centric radirdefojection. On small scales,
virtually all of the power at > 2000 comes from < 2Rsp0. About 80% of the tSZ power is recovered

at¢ = 3000 when tapering &s00, though the deviations become substantially larger at smallEnese

results emphasize the importance of understanding cluster pressutespnadil pasRsgg in order to do

high-precision work with the tSZ power spectrum.
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relative to that expected from the background cosmology (e.g., Battaghil, @010; Dunkley et al.,
2010). The amplitude ofsz is proportional to a large power afg (Aisz « Ug---g Bond et al., 2002;
Komatsu & Seljak, 2002; Bond et al., 2005; Trac et al., 2011). It followas ¥hlues ofAsz below unity
imply that theoretical templates overestimate the SZ signal, or else points to a srahlkepfog than
the value derived from primary CMB anisotropies.

The probability distributions of the amplitudéssz, and other cosmological parameters are deter-
mined from current CMB data using a modified version of CosmoMC (LewisrigllB, 2002), which
uses Markov-Chain Monte Carlo techniques. We include data from WMARI&on et al., 2010) and,
separately, ACT (Das et al., 2011) and the dusty star-forming galaxsestdd data from SPT (Shiroko
et al., 2010). We fit for 6 basic cosmological parameters with the assumgtgpatal flatness@®,h?,
Qpmh?, ns, the primordial scalar power spectrum amplitulle the Compton depth to re-ionization
7, and the angular parameter characterizing the sound crossing distamo®mbinationy) with the
assumption of spatial flatness. We also include a white noise template for poumtesC, sc with
amplitudeAgc. The primary diference between our analysis and the analysis by SPT SkHirekal.
(2010) is that we marginalize ovéy,, allowing for arbitrary (positive) values, and ignore the spatial
clustering component of point sources. We assume a perfect degg@eksz o« Cytsz for the kinetic
SZ (kSz) component, so we only need the relative amplitudéwef/Aisz at a given frequency and
use the kSZ amplitudes from Battaglia et al. (2010), where the ratio of kSZZt@t8 = 3000 and
150 GHz is 0.44. As mentioned in Battaglia et al. (2010), these simulations dallyosample the
long wavelength tail of the velocity power spectrum and do not include anyributions from patchy
re-ionization (lliev et al., 2007, 2008). Hence this kSZ power spectrunplite is a lower limit to the
total power.

In Figure 5.10 we illustrate the 68% allowed confidence intervals for the t82pspectrum, given
the shape of our AGN feedback template, our predicted tSZ to kSZ powetram ratio, and the current
data from ACT and SPT. We scale our template using the besg-fialue from Keisler et al. (2011) of
0.814 and scale our template (which was calculatetsat 0.8) by (0814/0.8)8, about 15%. We find
that our template is within the 68% confidence interval region for both ACTS#@, after correcting
for our predicted kSZ to tSZ power spectrum ratio of 0.44. Note that the aealitic and analytic
models without substructure have lower tSZ amplitudes, which would resulgirehvalues ofAsz
and highewrs.

5.8 Discussion and Conclusion

In this work, we found a global fitting function for galaxy cluster thermadgsure profiles using the
simulations presented in Battaglia et al. (2010). We find that this global fit mattle mean pressure
profiles across mass and redshift generally to an accuracy of bettet@6 \We have used the profile to
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Figure 5.10: Our 150 GHz tSZ power spectrum of our AGN feedback moescaled to the Keisler

et al. (2011) best-fiirg value of 0.814 (red line) is contrasted with the bands indicating the 68% range
in tSZ amplitude from ACT (Das et al., 2011, dark grey) and SPT (Shitakioal., 2010, light grey).

For comparison, we plot several other models for the tSZ power specaismshifted to the fiducial

og = 0.814. These are Sehgal et al. (2010) (pink dotted line), Trac et allj2@ark green dashed
line), Komatsu & Seljak (2002) (orange dotted line), and Shaw et al. (200t green dashed line).

We include the estimated beam FWHM for ACT, SPT, and Planck.



5.8. DiscussioN AND CONCLUSION 141

Table 5.2: Cosmological constraints &gz andog from ACT and SPT using the AGN feedback tSZ
power spectrum template

Data Aisz o8
ACT (Das et al., 2011) 85+036 07847253
SPT (Shirokdr et al., 2010) 9+ 0.29 076{81822

reconstruct the thermal Sunyaev-Zel'dovich power spectrum usitigfbthy analytic and semi-analytic
pasted profiles onto cluster position in the simulations, and find we recoveé8Zhgower spectrum to
~15% atf = 3000 (cf. Figure 5.5). Other analytic and semi-analytic models for thefig£te&eommonly
assume constant adiabatic indices when solving the equation of hydrogtaliore&um. The assumption
is not borne out in our simulations, where both the thermal adiabatic indexhandfective pressure
adiabatic index (which includes non-thermal support from bulk flows iistels) break substantially
in cluster outskirts (cf. Figure 5.6). Using both the simulations and the glalealspre profile, we
examined the contributions to the tSZ spectrum as functions of cluster mdshjfteand truncation
radius. We found that the contributions from substructure and asjitlyeaie most important for the
highest mass clusterdgoo > 7 x 101Mg), but remain significant at the 1015% level across all mass
bins. We find that half the power of the tSZ power spectrum-at3000 is contributed by clusters with
z> 0.6 and half the power originates from clusters wWitl3pg < 2 x 1014M@.

We have compared our tSZ prediction to results from the Atacama Cosmolégscdpe and the
South Pole Telescope. We found that there is no statistically significfiatatice between our model
and the data, after accounting for a simplistic correction from the kineticfB€te More complete
component separation should be possible with better frequency cevdvitea et al., 2011). We note
that our analysis diers from that in Shirokfy et al. (2010) in that we make no prior assumption about
the amplitude of the point source power spectrum, other than that it is rgative

The pressure profile presented in this work is derived fronntle@nelectron pressure in our simu-
lations and we defer the derivation of a mean profile designed to includeéféudseof substructure and
asphericity in the power spectrum to a future work (Battaglia et al., in pré&pis profile will not be
expected to match individual cluster observations, but we hope will all@lyaa calculations of the
tSZ power spectrum to an accuracy of significantly better than 10%. Withefdtata sets, such as those
expected from Planck, ACTpol, and SPTpol, it may be possible to constotijust the amplitude but
the shape of the tSZ spectrum. In this case, analytic calculations may be tssablestrain not just
cosmology but the important astrophysical processes in clusters with theffs8¥. Doing so through
the power spectrum has the advantage that it is sensitive to lower massghed fedshift clusters as

well as cluster outskirts in ways that are complementary to other data sets.
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5.9 Appendix: Comparing the Cluster Mass Catalog to the Mass func-
tion

In this appendix we compare the mass function from our simulations with thahkéfet al. (2008).
Our cluster mass catalogs were made with spherical overdensity mass \pitctrsthe critical density
and the mass function is with respect to the mean matter density. So, we cdriberkéd,o, from the
simulations toM20qm assuming the mass profile is dominated by dark matter and use the concentration-
mass relations from Dy et al. (2008). We show in Figure 5.11 that there is a clear deficit of low
mass clusters due to the chosen linking length of 0.2 in our FOF finder. At tig#hlgis is well known
that neighboring clusters are sometimes artificially merged together (e.g., &aalis 1985). We also
instituted a firm lower limit mass cutbin the initial FOF catalogs dflror > 1.4 x 1013M@, and so our
mass function is also expected to be incomplete near that mass.

There is a clear excess of high-mass clusters in our simulations, but itssstemt with shot noise
(we only have 6 clusters witMsgg > 7.1 x 10*Mg). We now estimate the excess power in our
full simulation power spectrum due to this upwards fluctuation in the highess inias Where the
cluster catalogs are complete, we expect that over an enormous nundirautdtions, the paste profile
and analytic calculation of the tSZ power spectrum would converge, arekéhdee the agreement
is excellent between the two in the right panel of Figure 5.7 for all but thee$dbwdue to catalog
incompleteness) and highest (due to shot noise) mass bins. We thexddptehe ratio of the the pasted
profile spectrum to the analytic spectrum as a quantitative estimate of theepresentation of high
mass clusters in our finite number of realizations£At 3000 this value is 2.0, though as can be seen in
Figure 5.7 the specific value is insensitive to the referén&ince the high-mass contribution to the tSZ
spectrum from the full simulation projections is@uK? at¢ = 3000, in the limit of an infinite number
of simulations, we would expect the average contribution from clustersMagg > 7.1 x 10'“Mg to be
0.34uK? lower. The total power spectrum &t 3000 is 578 uK?, so this shot noise correction amounts
to just less than a 6% shift in the total power spectrum.



5.9. ArpenDIX: CoMPARING THE CLUSTER MAss CATALOG TO THE M ASS FUNCTION 143

104 E_ _E
105 E_ _E
= I 1
B
< 10°: -
© C 7
i o AGN feedback cluster catalog ’
107 - _ Tinker etal. 2008 =0 -
108 . L] . L .
10 10" 10

M200,m

Figure 5.11: We compare the mass function/dM, for the cluster catalog from AGN feedback sim-
ulations to the mass function from Tinker et al. (2008). THeéedences at high masses indicates that in
the 10 independent simulations we happen to have more high-mass clustessdkpected on average
(though with only 6 withMsgg > 7.1 x 10M*Mgynthis is consistent with shot noise). At low masses, our
catalog is incomplete due to our FOF halo finding (see text).
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Chapter 6

Conclusions and Outlook

Galaxy clusters have been and will remain among the most interesting of @il objects. The
growing appreciation of their complexity continues to foster interest andegment as astrophysical
laboratories and cosmological probes in the cluster community.

The detailed conclusions of this thesis are given at the ends of, ch2p&rd and 5, and will only
be briefly summarized here.

¢ Using radio relics as observational probes we can study the magneticifieldsgalaxy clusters

through relic luminosity functions and rotation measure statistics.

¢ We can determine the Mach numbers of structure formation shocks frorpéletral index of the
radio relics.

e A coarse grained stochastic model of AGN feedback in galaxy cludiestsithe thermal pressure
profiles of galaxy clusters and the Sunyaev-Zel'dovich angular pepectrum.

e The SZ scaling relations ardfacted at the 15% level by non-thermal pressure support in clusters
and by the anisotropic shape of the ICM.

e A constrained fit to the thermal pressure profile provided as a functiamtusfer mass, redshift
and radius, is accurate to the level of precision required by currehtgrigcision observations.

¢ We guantified the contribution of sub-structure and asphericity to the SZlamgpwer spectrum
by comparing three dlierent methods for calculating the power spectrum.

e We constrained the density power spectrum amplitudg,from the latest ACT and SPT mea-
surements of tSZ angular power spectrum.

Understanding the ICM at the level of detalil, in this work and even more ddewextremely important
to interpret results from upcoming cluster missions, such as the imminent Xatallite mission, E-
Rosita, ACTpol, SPTpol, Planck, and the optical Dark Energy Survey.
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146 Cuapter 6. ConcLusionNs AND OUTLOOK

6.1 Future Work

We are already working on several avenues of clusters astroptarsicsosmology that flow naturally
from this thesis. We plan to explore the vast parameter space of energatlzaick possibilities, includ-
ing momentum injection and relativistic energy injection, as well as further exidm of the thermal
energy injection like the type used in this thesis. The crucial question to aisivaw do these partic-
ular forms of feedback impact the thermal SZ power spectrum and otrstechbservables. An urgent
project driven by data already available or coming soon from ACT, SiRd, Planck, is to develop a
fast analytic calculation that properly accounts for sub-structure, fnolfions, and asphericity. One of
the subjects related to substructure is density and pressure clumping.vV&/ehttavn in chapter 5 that
the ICM is decidedly non-uniform. The clumping must be included to intergysérvations correctly
(Simionescu et al., 2011; Nagai & Lau, 2011). We are in the procedsavcterizing the sizes of these
density and pressure clumps, and will incorporate these results into safytieal models of the ICM.
Another project is to study the growth of clusters from their proto-clustecyrsors, focusing on the
build up of entropy in their formation, using high resolution simulations of indisicclusters. How
is the information stored in the proto-cluster state encoded into its final clustéigaration? This is
hardly an exhaustive list of projects, only those on the front burnéchwshould reach fruition within
the near future. There is still so much to explore beyond these projectscanthny questions to be
addressed and answered in the tight interplay between theory and/atiises that is cluster science.
And there is an entire Universe of gravitationally collapsed clustered wb{gdower mass at higher
redshifts to explore with the sort of hydrodynamjd&body simulations used here.
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