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Introduction

Measuring cosmological parameters, especially the critically important possible evolution of
the dark energy equation of state with time, requires a class of standardized objects over
redshifts from the present day to z ≈ 2, as do tests for deviations from general relativity on
cosmological scales. Clusters of galaxies are a class of objects that satisfy this need: because
they collapse from a large region (∼10 Mpc), their contents are expected to reflect the over-
all properties of the universe and thus clusters are expected to have relatively predictable
behavior, with small scatter. Their formation involves an enormous amount of energy con-
version and thus produces systems with large concentrations of galaxies and large amounts
of highly heated plasma, rendering clusters visible in many different observing bands over
a wide range of redshifts. However, to make use of clusters for cosmology, it must be pre-
cisely understood how their formation shapes their observable properties. Characterizing
and understanding the mean behavior and scatter necessarily involves measurements of and
predictions for the structure of the underlying dark matter, the gaseous intracluster medium
(ICM), and the galaxies themselves (see companion white paper by Myers et al. for a survey
of cluster studies [2]). Focusing on the ICM, advances in the next decade in observational
capabilities and theoretical models can address one of the key questions of cluster astro-
physics that impacts their use for cosmology: What is the thermodynamic state of the
intracluster medium? Specifically, what are the detailed position dependences of the ICM
density and temperature, how do they deviate from self-similar behavior, and to what extent
are there non-thermal components? Precise observations of the ICM via X-ray emission and
the thermal Sunyaev-Zeldovich (tSZ) effect can answer this question.

Cosmology and Fundamental Physics with Clusters

Clusters have been used as standardizable rulers to measure the Hubble parameter [3, 4].
Their baryonic mass fraction [5] and abundance [6] as a function of redshift have been used
to constrain the dark matter and dark energy densities and the dark energy equation of state.
These efforts will continue in the next decade with optical, X-ray, and tSZ surveys [7, 8, 9, 10,
11] (see white papers by Vikhlinin et al. [12] and Page et al. [13]). Cluster abundance may also
probe non-Gaussianity in the density fluctuations [11]. Clusters can test alternatives to the
general relativity/dark matter paradigm via scaling relations and other observables [14, 15].
However, all these measurements require a precise understanding of the ICM to calibrate
bias, scatter, and redshift evolution in the relations between cluster mass, gas mass, X-ray
flux and temperature, and tSZ flux. Without such information, constraints on the dark
energy equation of state parameter w can degrade by factors of 2 to 3 [16].

It may also be possible to measure the peculiar velocity field on cosmological scales using
clusters via the kinetic SZ effect1 [17], largely independent of the above issues. Submillimeter
point source confusion is daunting and must be removed using multi-frequency data [18] .

The Current Understanding of Clusters

According to our current understanding, galaxy clusters are composed of: a dark matter halo
that dominates the gravitational potential; a hot, gaseous, baryonic ICM close to hydrostatic
equilibrium in the potential well (∼10% by mass); and a population of galaxies (∼1% by

1A Doppler shift of the CMB due to scattering off of the ICM of a moving cluster.
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Figure 1: Top: Example scaling relations [22]. Top left: integrated SZ Comptonization Y D2
A

(proportional to integrated tSZ flux) vs. X-ray temperature. Top right: Y D2
A, in different units,

vs. YX = Mgas k T . Bottom left: Comparison of integrated SZ Comptonization vs. gas mass scaling
relation to simulations [22]. Points with error bars are data. Triangles: self-similar simulations;
circles/hexagons: simulations including radiative cooling and star formation feedback. Open and
filled symbols: z = 0 and z = 0.6 simulated clusters, respectively. Dashed lines: power law fits
to the self-similar and non-self-similar models. The non-self-similar model is favored by χ2 tests.
Bottom right: X-ray-derived gas density vs. radius for simulations (thick) and data for a set of
relaxed clusters (thin) [23]. Simulations with cooling and star formation feedback are favored.

mass). The most massive clusters have gas temperatures of k T ≈ 10–15 keV, masses of
∼5 × 1015 M�, and virial radii of Rvir = 3–4 Mpc. The border between clusters and
groups lies at approximately 1014 M� (k T ∼ 1 keV and Rvir ∼ 1.5 Mpc). Clusters are
largely regular objects, exhibiting tight correlations between global properties of their various
components (Figure 1) that are expected from self-similar (i.e., gravity only) collapse and
are confirmed in simulations [19, 20, 21]. However, Figure 1 also shows important deviations
from this simple picture: including non-gravitational processes like radiative cooling and
star formation in member galaxies results in a better match to the data than do self-similar
models. Nevertheless, discrepancies remain and a variety of nongravitational effects are not
yet included, such as thermal conduction, turbulence, stellar winds and AGN jets, tidal and
ram pressure stripping of gas, magnetic field support, and cosmic ray pressure.

Studying the Intracluster Medium

A comprehensive understanding of the ICM requires: 1) direct measurement of the thermo-
dynamic state of the ICM; 2) observations to reveal and quantify non-self-similar phenomena;
and 3) simulations that include both gravitational and relevant non-self-similar processes.
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Figure 2: A sample of current X-ray and tSZ data. Top left: Optical, weak lensing (blue), and
X-ray (red) image of the Bullet Cluster, 7.5′ × 5.4′ [1]. Top middle: Chandra X-ray profile of
Abell 1835 [24]. Top right: Chandra (4’s) and Suzaku (×’s) temperature profiles of PKS0745-191
(z = 0.10), vertical line is Rvir [25]. Bottom: SPT tSZ image and radial profile of the Bullet Cluster,
courtesy of B. Benson/SPT Collaboration. The curve is the best-fit spheroidal beta model.

The first area consists of observations of the ICM itself that characterize deviations from
self-similar behavior. X-ray imaging provides a calorimetric measurement of thermal emission
from the ICM out to the virial radius for z . 0.3 and to R500

2 at higher redshift. X-ray
spectroscopy jointly measures the ICM metallicity and temperature, but requires high X-ray
fluxes (low z and/or small R). The thermal Sunyaev-Zeldovich effect arises from Compton
scattering of CMB photons with the free electrons in the ICM and is proportional to the
electron pressure integrated along the line of sight. tSZ imaging is beginning to provide
precise pressure profiles out to large radius. Figure 2 displays some recent data, showing
how X-ray and tSZ measurements can now map the ICM to a significant fraction of the virial
radius rather than being limited to the luminous but complicated core.

The second area consists of observations that quantify non-self-similar phenomena. Grav-
itational lensing (O/IR imaging) and the galaxy velocity field (O/IR spectroscopy) measure
the gravitational well, revealing non-self-similar mass substructure (e.g., mergers). Imaging
and spectroscopy from radio to X-ray wavelengths reveal stellar winds and AGN jets and
measure AGN and star formation activity and metal enrichment in member galaxies, thereby
constraining energy and entropy injection into the ICM. They also catalog the baryons in
stars and detect projection effects. Radio synchrotron emission reveals the energy density in
magnetic fields and cosmic rays [27, 28, 29] (see white paper by Rudnick et al. [30]). Hard
X-ray and γ-ray observations will contribute, soon, too.

2R500 is the radius at which the average density of the enclosed region is 500 times the critical density of
the universe and which typically corresponds to approximately 0.5 Rvir for clusters.
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The third area is simulations to test whether the above phenomena explain observed de-
viations from self-similar behavior. Simulations (e.g., [19, 31, 23]) have demonstrated the
shortcomings of the beta model [26], explained the remarkably regular behavior of the ICM
outside cluster cores, shown the existence of and explained ICM temperature gradients, etc.
Including radiative cooling and star formation has reduced the discrepancies between simu-
lations and data (Figure 1) [23, 32]. However, differences remain, such as the deficit in the
cluster baryon budget (see white paper by Kravtsov et al. [33]), the “cooling flow” problem
(lack of cool gas in cluster cores), and “overcooling” (too large a stellar mass fraction at large
radius in simulations). New simulations will model larger volumes at higher resolution, will
include more non-self-similar, “sub-grid” physics, and will enable tests for systematic effects
such as He sedimentation or non-equipartition of electrons and protons in cluster outskirts.

New Prospects for Studying the ICM

The question posed here — what is the thermodynamic state of the ICM — is timely because
it is now becoming possible to obtain precise X-ray and tSZ imaging out to the virial radius
and coming instrumentation will provide higher angular resolution in tSZ, approaching that
of X-ray data. Other white papers address new frontiers in studying the underlying dark
matter and in multiwavelength studies of non-self-similar phenomena.

Thermal Sunyaev-Zeldovich Effect

Work into the late 1990s provided unambiguous measurements of the tSZ effect [34, 35,
36, 37, 38, 39]. The first sample of tens of clusters with spatially resolved tSZ signal has
been published in the last decade [40, 4, 22]. The key gains in the coming decade will be in
sensitivity, sample size, angular resolution, and spatial dynamic range. However, such gains
present competing requirements that no single facility can adequately satisfy; a diversity of
instrumentation is required to exploit tSZ on scales from arcseconds to half a degree.

Many of the frontiers are being pushed by wide-field bolometric cameras fielded on the
South Pole Telescope (SPT) and Atacama Cosmology Telescope (ACT). They are surveying
hundreds to thousands of square degrees to a largely redshift-independent mass limit of
approximately 2 × 1014 M�. The resulting sample of hundreds to thousands of clusters will
be nearly complete out to the earliest epoch of cluster formation, providing a unique sample
to study the evolution of the ICM. With large fields of view and fast scanning, SPT and
ACT have overcome the long-standing technical challenge of simultaneously obtaining high
sensitivity, angular resolution good enough to resolve clusters, and access to virial scales.

A complementary group of instruments are following up known clusters. The Sunyaev-
Zeldovich Array (SZA) is a close-packed, small-dish interferometer that recovers tSZ flux
on scales of 5′ to 10′ at an angular resolution of 2′. It has mapped tens of known clus-
ters [41, 24, 42]. APEX-SZ, LABOCA, AzTEC/ASTE, Bolocam/CSO, and MKIDCam/CSO
use imaging detector arrays to map similar numbers of clusters with comparable spatial dy-
namic range by using scanning techniques that efficiently cover single cluster fields. These
instruments also provides access to well-studied equatorial regions not visible to SPT.

New instrumentation will push the resolution frontier. SZA has merged with CARMA
and will provide higher angular resolution with comparable spatial dynamic range. MUS-
TANG/GBT (operational) and AzTEC/LMT (expected 2009) provide comparable resolu-
tions of a few arcseconds. High-resolution tSZ imaging possesses more sensitivity to very
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hot gas than X-ray imaging and thus is complementary; e.g., SCUBA/Nobeyama imaging
of RXJ1347-1145 [43, 44] revealed a previously unsuspected T > 20 keV shock. Higher
resolution will reveal how ICM fine-scale structure exhibits itself in pressure. Later in the
decade, LWCam/CCAT and next-generation instruments on GBT and LMT (TolTEC) will
provide high angular resolution over fields-of-view comparable to cluster virial radii. LW-
Cam/CCAT and CIX/LMT will use wide wavelength coverage to separate dusty submm
galaxies and cluster tSZ and may be able to use the kinetic SZ effect to study cluster bulk
motions and ICM velocity structure. The major interferometer efforts in the next decade,
ALMA and EVLA, will image high-contrast small-scale structure in tSZ with an angular
resolution of arcseconds over small fields (∼ 1 ′) in compact configurations, beginning to
match Chandra resolution and studying the pressure in clumps, filaments, and shocks.

X-Ray Capabilities

The International X-ray Observatory (IXO) will provide a quantum leap in X-ray capabil-
ities (launch ∼2020; see white paper by Vikhlinin et al. [12]). IXO will measure cluster X-ray
brightness, temperature, metallicity, and velocity structure to high precision out to the virial
radius in a single, moderate-exposure pointing, providing information on plasma turbulence
and testing for systematics in temperature measurements based on assumed metallicities.
Prior to IXO, continued use of XMM/Newton, Chandra, and Suzaku and the upcoming
intermediate-size missions Spectrum-RG and NeXT/Astro-H will yield useful gains. Suzaku
provides a new capability to measure X-ray spectroscopic temperature out to Rvir at low z
(z ≈ 0.1 [25]). Spectrum-RG/eROSITA will substantially improve upon the ROSAT All-Sky
Survey and will be useful in conjunction with large tSZ surveys, but is comparable to exist-
ing missions for sensitivity to emission at large radius, as will be NeXT/Astro-H’s wide-field
imager. However, NeXT/Astro-H’s imaging spectrometer may enable study of ICM velocity
structure and spatial metallicity variations at lower X-ray fluxes.

Non-Parametric Cluster Studies

To date, X-ray and tSZ observations have depended on models for interpretation, ini-
tially the beta model [34, 35, 36, 38, 39, 40, 4, 22, 41] and, more recently, simulation-derived
models [24]. Upcoming work will enable non-parametric study of the ICM via deprojection
techniques: assuming a monotonic ellipsoidal ICM structure and using high-resolution X-ray
data to remove subclumps and filaments, one can reconstruct from X-ray and tSZ data the
density, temperature, orientation, and asphericity [45, 46, 47, 48]. Deprojection has been
applied in tSZ work for the first time to recover density and temperature out to R500 (Fig-
ure 3) [49]. Such analyses can also reveal merging activity and departures from hydrostatic
equilibrium. Figure 3 shows the remarkable precision expected for future work of this type.

Recommendations

A wide variety of facilities are needed for the above studies. Spectrum-RG/eROSITA (launch
2011), SPT (active), and ACT (active) require sufficient support to fully exploit their ca-
pabilities. Moreover, they will provide enormous cluster samples that will require followup.
NeXT/Astro-H (Phase B, launch 2013) and IXO (in development) are necessary for spec-
troscopy and imaging to large radius. Compact interferometers such as SZA/CARMA (ac-
tive) and kilopixel bolometer arrays on larger aperture telescopes like CCAT, LMT, and
GBT (all in development) will offer the combination of resolution and brightness sensitivity
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Figure 3: Top: Deprojected density and temperature for A2163 (z = 0.2) based on data from
XMM/Newton (X-ray), APEX-SZ (tSZ), and LABOCA (tSZ and submm) [49]. The dashed line
in the top left figure is a beta model fitted to the central electron density, indicating a discrepancy
at large R. The dashed line in the right figure is the best-fit isothermal value. The solid and
dashed error bars indicate statistical and systematic (deconvolution) errors, respectively. Bottom:
Simulated deprojected density and temperature based on expected LWCam/CCAT sensitivity for
a cluster at z = 0.6 with simulation-derived error bars (correlated between bins) for three different
lines of sight [48]. The dashed line indicates the true radial profile.

necessary to study tSZ substructure, but support must be provided for technology develop-
ment, construction, and operations. Support for EVLA compact E-array tSZ observations
will also aid in high-resolution work. ALMA requires a 30 GHz receiver system (not in ini-
tial construction baseline) to obtain the brightness sensitivity needed to do high resolution
followup of the SPT/ACT cluster samples inaccessible to the higher-resolution northern in-
struments. Given the sophisticated data sets and panchromatic nature of the studies, robust
analysis support for existing and future data sets is also required.
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