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Abstract
We address previous claims that the baryon fraction in clusters is significantly
below the cosmic value of the baryon fraction as determined from WMAP 7-year
results. We use X-ray and SZ observations to determine the slope of the gas density
profile to R200 . This is shallower than the slope of total mass density (NFW) profile.
We use the gas density slope to extrapolate the X-ray observations of gas fraction
at R500 to the virial radius (R100 ). The gas fraction increases beyond R500 for all
cluster masses. We add the stellar fraction as determined from COSMOS and 2MASS
samples, with ICL contributing 10% to the stellar fraction. For massive clusters
(M500 ∼ 7 × 1014 M ), the baryon fraction reaches the cosmic baryon fraction at
Rvir ± 20%. Poorer clusters and groups typically reach 75–85% of the cosmic baryon
fraction at the virial radius. We compare these results with simulations which take
into account gravitational shock-heating, star formation, heating from SNe and AGN,
and energy transfer from dark matter. We find that simulations explain the observed
baryon fraction in low-mass clusters but underpredict the baryon fraction in massive
clusters.
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Chapter 1
Introduction
1.1

The Problem of Missing Baryons in Clusters

Rich clusters of galaxies—families of hundreds of galaxies held together by the gravitational potential of the cluster—are the most massive systems which have had time
to undergo gravitational collapse and virialization in the history of the Universe. As
such, clusters of galaxies serve as powerful tools in constraining the cosmological
model of the universe. Cluster masses typically range from 1014 to 1015 solar masses
(M ). Ranging from poor clusters to rich, they contain between 10 and 100 typical
(L*) galaxies each. They stretch from 2–4 Mpc and their velocity dispersions are
500–1200 km/s.
Clusters have three major components: a dark matter halo; hot gas in between
galaxies which is at such high temperatures (107 − 108 K) that it emits X-ray bremmstrahlung radiation; and stars, mostly found in galaxies, which have formed from
cooled gas. The gas and the stars collectively constitute ‘baryons’, i.e., normal
matter. We have observationally determined that most of the cluster mass is dark
(∼ 83 − 90%). Of the baryonic matter, most of it is gas (∼ 14% of cluster mass).
Stars are only ∼ 2% of cluster mass, indicating that only a small percentage of the
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intracluster gas has cooled to form galaxies.
How do we detect each of these components? Only the baryonic matter (gas
and stars) is luminous. We observe the gas primarily via X-ray telescopes (notably,
Rosat, Chandra and XMM-Newton). Clusters are prominent X-ray sources in the
sky. In addition, gas can be detected indirectly by observing its effect on the cosmic
microwave background (CMB) radiation. The interactions of the CMB with hot
electrons in the intracluster gas (ICM) produce a decrement in the CMB signal,
called the Sunyaev-Zel’dovich effect. This effect yields a measure of the gas thermal
pressure, which is the product of density and temperature of the intracluster gas.
The stellar mass in galaxies can be measured by measuring the optical (K-band)
luminosity of the galaxies in the cluster, and then fitting it with standard spectra of
stars in order to find what stellar types inhabit the galaxies. Then the stellar mass is
estimated by using the mass-to-light (M/L*) ratios of those stars. The intergalactic
stars are few and produce diffuse intracluster light (ICL), which is detected by near
infrared photometry. The ICL is only about 10–20% of the stellar mass in galaxies,
and thus a very small portion of the total cluster mass.
The distribution of the total matter of the cluster, including dark matter, can
be found most accurately from gravitational lensing. The deep gravitational potential wells of massive clusters generate shape distortions in the images of background
sources due to differential deflection of light rays. Reliable measurements of weak
lensing are now available (e.g., Mandelbaum et al. [2008], Zhang et al. [2008], Umetsu
et al. [2009], and references therein). Less reliable methods to find the total mass profile of clusters are hydrostatic equilibrium, velocity dispersion and temperature-scaling
relations. Hydrostatic equilibrium assumes that gravitational energy in clusters is balanced by thermal pressure. The assumption of hydrostatic equilibrium allows X-ray
data to be used to estimate cluster mass (e.g.,Vikhlinin et al. [2006], Arnaud et al.
[2007], Sun et al. [2009]), since X-ray data gives a measure of gas density as well as gas
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temperature which together produce thermal pressure. However, this method usually
leads to an underestimate of mass, since non-thermal pressure may also exist (e.g.,
Nagai et al. [2007] and references therein). Similarly, virial equilibrium assumes a balance between kinetic and potential energies in a cluster. Thus the total mass of the
cluster can be estimated as ∼ σ 2 R/G, where σ is the velocity dispersion of the cluster,
R radius from the center and G the gravitational constant. The temperature-scaling
method assumes self-similarity in clusters and estimates the mass of a cluster from its
observed X-ray temperature, using the mass-temperature (or mass-luminosity) relations found by lensing from a large sample of clusters (e.g., Bahcall [1977], Finoguenov
et al. [2001], Pratt et al. [2009], and references therein).

In a hierarchical structure formation formation of the universe, the size of clusters
implies that their contents have accreted from regions of 8–40 comoving Mpc. This
big a piece of the universe can be expected to be representative of the mean matter
content of the universe. While clusters started out with the mean matter content of
the universe, it further helps that clusters are extremely massive (1014 −1015 M ) which
gives them enormous gravitational binding energy. Therefore, clusters are expected
to retain their gaseous matter over time. Despite the presence of huge energy sources
such as supernovae and active galactic nuclei (AGN), as well as gravitational shockheating (Takizawa and Mineshige [1998] and references therein), such heat sources
should not be able to separate baryons and dark matter on the scales of several
megaparsecs. Therefore, it is commonly expected that clusters retain the same baryon
fraction today as they started with, i.e., the universal fraction. In contrast, smaller
systems such as galaxies have neither the size to be representative of the universe,
nor the gravity to retain all their gas. Clusters are important because the ratio of
baryonic mass to dark mass in clusters should reflect the universal ratio of baryonic
matter to dark matter, because of the size and depth of their gravitational potential
3

wells.
This property of clusters has proved very useful for cosmology. In the 1990’s, a
big question in cosmology was whether the matter density of the Universe (Ωm ) is
1 or lower. Ωm = ρm /ρcrit is the ratio of the total matter density in the universe,
baryonic and dark, to the critical density of the universe. The critical density refers
to the density needed for a flat (no curvature) universe. So a flat universe would
have Ωm = 1, unless there is another component besides matter. It was not known
whether the universe is flat, or whether there is another component to it.
In addition, Big Bang nucleosynthesis (BBN) had been used to determine the
baryon density of the present universe (Ωb = ρb /ρcrit ) which provided another piece
of the puzzle. The relative abundances of the light elements, 1 H, 2 H, 3 He, 4 He and 7 Li,
combined with BBN theory nicely constrain the total baryon density of the Universe
(Walker et al. [1991]). Baryon densities much larger than a certain value would
overproduce both 4 He and 7 Li, whereas significantly smaller values would overproduce
both 2 H and 3 He. The value for Ωb from big bang nucleosynthesis has been determined
to be 0.02h−2 (Burles and Tytler [1996] and references therein), or ≈ 0.04 if h ≈ 0.7.
In the 1990’s, improved observations indicated with increasing confidence that
the total matter density of the universe Ωm ∼ 0.2 (Bahcall et al. [1995], White
et al. [1993], Bahcall and Fan [1998], Carlberg et al. [1996]). A decisive argument in
this debate was White et al. [1993]’s, who showed that the baryon fraction (Ωb /Ωm )
measured in rich clusters was inconsistent with Ωm = 1. They used new X-ray data
from Rosat and the Einstein observatory to estimate the gas mass in clusters (White
et al. [1993], White and Fabian [1995]). They found stellar mass from M/L ratios
and total mass from velocity dispersions. Thus, they found the mean baryon fraction
for their clusters:
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fb ≡

Mbaryons
Ωb
=
≥ 0.07h−3/2 + 0.03
Ωm
Mtotal

(1.1)

This comes out to be Ωb /Ωm ≈ 0.15 if h ≈ 0.7. If Ωb ≈ 0.04 from nucleosynthesis,
and Ωb /Ωm = 0.15, then under the expectation that clusters are a good representation
of the universe, White et al. [1993] were seeing far too many baryons in clusters than
allowed in a universe with Ωm = 1. Unable to determine a mechanism for such
dramatic baryon enhancement in clusters, they concluded that Ωm ≈ 0.27. This
value had been independently found by other methods (see references above), and is
indeed the current best value for the matter density of the universe.
This discrepancy between Ωb = 0.04 and Ωm = 0.27 was what led to the requirement of non-baryonic, ‘dark’ matter. In fact, the richest clusters of galaxies most
strongly pointed to the existence of dark matter. As early as 1933, Fritz Zwicky
observed the velocity dispersion of the Coma cluster, and used the virial theorem to
estimate the mass of the cluster. The virial theorem predicts that the cluster mass is
roughly proportional to the square of the velocity dispersion. The mass Zwicky derived from the virial theorem was much larger than expected from the luminosity of
the galaxies within the cluster. On the basis of this result he predicted the presence of
undetected dark matter in clusters (Zwicky [1937]), which was confirmed much later.

Over the past decade, dramatic progress has been made in observations of all
the main components of clusters. Deep high-resolution wide-field imaging has vastly
improved the accuracy of strong and weak lensing measurements, which tell us about
cluster mass profiles (e.g., Zhang et al. [2008], Mandelbaum et al. [2008]). Deep imaging in multiple optical bands as well as in the near infrared has permitted a systematic
census of the stellar components in clusters (e.g., Lin et al. [2003], Gonzalez et al.
[2007], Andreon [2010], Giodini et al. [2009]), including the diffuse intracluster light
Zibetti [2008], Gonzalez et al. [2005]. High resolution, sensitive X-ray observations by
5

Chandra and XMM-Newton have revolutionized our knowledge of the properties of
the hot intracluster gas by reliably mapping gas density, temperature and metallicity
out to radii of R500 (e.g., Vikhlinin et al. [2006], Arnaud et al. [2007], Sun et al. [2009])
and in some cases to R200 (Ettori and Balestra [2009], Bautz et al. [2009], Plagge et al.
[2009]) (where R500 and R200 refer to the radii at which the cluster mass density is 500
and 200 times the critical density of the universe, respectively). Sunyaev Zel’dovich
measurements of gas pressure have also been recently done (Plagge et al. [2009], Afshordi et al. [2007]). These improved observations of cluster components have led to
better constraints on the universal ratio of baryons to total matter (e.g., David et al.
[1995], Evrard [1997], Allen et al. [2002], and references therein).
The last decade has also seen the advent of cosmic microwave background (CMB)
cosmology, especially with the Wilkinson Microwave Anisotropy Survey or the WMAP.
The length scale of fluctuations in the primordial power spectrum constrains the value
of Ωm . The height of the peaks in the power spectrum also constrains Ωb . Therefore,
the CMB provides with an independent, precise and accurate measurement of the
universal baryon fraction f b ≡ Ωb /Ωm . The most recent value of f b from WMAP
7-year results is 0.1675 ± 0.006 (Jarosik et al. [2010]).

This has raised a puzzle. The most recent and best observations from Chandra
and XMM-Newton indicate that cluster gas fractions are below the WMAP value of
the cosmic baryon fraction. The best estimates of stellar mass do not account for
the discrepancy. This gave rise to the problem of “missing baryons”. For example,
Chandra (Vikhlinin et al. [2006]) and XMM-Newton (Arnaud et al. [2007]) measurements constrain f gas in the most massive clusters (∼ 1015 M ) at 0.123 ± 0.007. This
is 73 ± 4% of the WMAP value of the cosmic baryon fraction. Mean gas fraction for
less massive clusters has been observed to be even lower (Sun et al. [2009]). K-band
luminosity analysis of galactic stars and near infrared observations of intergalactic
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stars have put the stellar fraction for this rich class of clusters at 0.020 ± 0.002 (Lin
et al. [2003], Giodini et al. [2009], Zibetti [2008]). Taken together, the baryon fraction becomes 0.143 ± 0.007 for massive clusters with M ∼ 1015 M , or 85 ± 4% of the
cosmic baryon fraction as measured from WMAP 7-year results.
Other measurements, for instance by Umetsu et al. [2009] using gravitational lensing to find total mass and the AMiBA telescope for Sunyaev-Zeldovich measurements,
find the sample average f gas for their four clusters to be 0.133±0.027. This is 78±16%
of the WMAP value of the cosmic baryon fraction. Yet others such as Afshordi et al.
[2007, 2005] find an even larger shortfall in cluster gas fraction in comparison with
WMAP results. Afshordi et al. [2007] used Sunyaev-Zel’dovich measurements from
WMAP itself to estimate thermal pressure in the ICM. They use cataloged X-ray
temperatures of clusters to estimate the thermal energy of their clusters, which is
significantly lower than if all the baryons were in the hot ICM phase. They estimate
f gas = 0.109 ± 0.013 at R200 , which is only 65 ± 8% of the cosmic baryon fraction.
Since stars contribute no more than 15% to total baryons, Afshordi et al. [2007] have
claimed that ∼ 35% of the baryons in clusters are “missing”, which they present as
a big puzzle to the astrophysical community.
The problem of the missing baryons has important implications for Astrophysics.
It affects the correct cosmological model for our universe. The current baryon fraction in clusters sheds light on the thermodynamics and energetics accompanying the
growth of large-scale structure. It will put important constraints on the gravitational
and non-gravitational energy sources in groups and clusters. In addition, if it turns
out that galactic heat sources such as active galactic nuclei (AGN) significantly heat
up the ICM, it would shed light on the unresolved question of galaxy formation and
the efficiency of gas cooling into stars. These are all big questions in astrophysics
which are not yet understood and which are difficult to observe or constrain by other
means. In Chapter 4 we will attempt to explain our results for the baryon fraction in
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groups and clusters in light of currently proposed theories of cluster energetics, and
it will be clear that these theories are at an early stage of development and as yet
insufficient to explain all the findings.
Afshordi et al. [2007] propose that the “missing baryons” are most probably hiding in some cold, undetected form in the intracluster medium. This is to avoid the
conclusion that clusters actually deviate dramatically from the universal baryon fraction and have a severe baryon deficit. That would be a troubling proposition, given
that the clusters accreted from scales of 8–40 Mpc, and have enormous gravitational
binding energy.
Some have even proposed revising Ωm upwards once again, since no mechanisms
can conceivably lower the cluster baryon fraction so significantly below the cosmic
value. A more likely solution, they suggest, is that the WMAP systematically underestimates Ωm (see McCarthy et al. [2007]).

1.2

A Proposed Solution

Our solution is based on the hypothesis that, even as various heat sources cause the
intracluster gas to spread outward from the center, the cluster is so massive that the
gas can nevertheless be located if we look to large enough radii. As gas accretes from a
radius of tens of megaparsecs, it collides with the inner shells of gas already present—
a bit like two balls falling vertically, one on top of the other. This collision converts
the gravitational potential energy of accreting gas into heat and sends a shock-wave
outward through the gas halo (Takizawa and Mineshige [1998] and references therein).
The shock waves cause the gas to expand outward. The extra heat in the gas halo
disturbs the hydrostatic equilibrium in the outskirts of the cluster. Cold dark matter,
being collisionless, does not experience shock heating. The result is that the hot gas
distribution is more “spread out” than the dark matter halo. This is indeed observed

8

(e.g., Vikhlinin et al. [2006], Pratt et al. [2006], Ettori and Balestra [2009], Plagge
et al. [2009], etc.) and predicted from simulations.
See Figure 1.1 as an example. This figure has been taken from Vikhlinin et al.
[2006] who measured the gas and total mass profiles of 13 clusters using Chandra. On
a logarithmic scale, the gas profile is shallower or less concentrated at large radii than
the total mass profile which includes gas and dark matter. (The stellar mass profile
follows the total mass profile to a good approximation.) Since total mass density falls
off more steeply than the gas density, the result is that the fraction of gas mass over
total mass contained within a certain radius increases with radius. Vikhlinin et al.
[2006] observed that although the gas fraction did not reach the cosmic value, the gas
fraction was still increasing to the largest radius observed (R500 ) in all the clusters.
My solution draws from this observation, confirmed by other sources (Arnaud
et al. [2007], Pratt et al. [2006], Plagge et al. [2009], Ettori and Balestra [2009], and
references therein). Since the gas has been observed to be more widely distributed
in clusters than the dark matter, it follows that if we manage to extend our observations to larger radii than previously observed, we may be able to locate the “missing
baryons” in clusters. The expectation is that the gas fraction will increase as we go
to larger radii than previously observed, causing the baryon fraction to also increase
with radius (even as the stellar fraction stays the same). In simple words, if the
gas was driven outward by miscellaneous heating mechanisms, it should nevertheless
reside at large radii. Seeing the missing gas is only a matter of looking far enough.
It would be useful, then, to see whether this effect can potentially solve the problem
of low baryon fraction in clusters, i.e., whether the cluster baryon fraction can rise
to match the cosmic baryon fraction if we account for the gas residing unexplored
at cluster outskirts. It would also be interesting to investigate whether this can be
achieved for only the most massive clusters or the full mass range from groups to
clusters. At stake is our understanding of the energetics and dynamics of cluster

9

106

105

104

ρ/ρc

ρtot
103

102

T > 5 keV
ρgas

2.5 < T < 5 keV
T < 2.5 keV
A2390

101

0.01

0.1
r/r500

1

Figure 1.1: Density profiles (scaled to the critical density) for the Chandra clusters
observed by Vikhlinin et al. [2006]. The total matter density (including baryonic
and dark) falls off more steeply than the gas density profile at large radii, so that the
fraction of gas mass over total mass increases with radius. It is found increasing at the
outermost radii observed (R500 ). The dark lines show the most massive clusters. The
yellow line is for comparison with the theoretical NFW profile (Section 2.1, Navarro
et al. [1996]) with c500 = 3, which fits very well to the observed total mass profiles.
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formation. The simplest expectation is that massive clusters retain their baryon
fraction. If it turns out that the “problem of missing baryons” is just a matter
of incomplete observations, then any major changes in the theories of gravitational
accretion and energy inputs in clusters will be obviated. It would redeem the clusters
as representative of the mean matter content of the universe.
To make these ideas more concrete, we will introduce the convention for radius
calibration in virialized systems. The ‘virial radius’ is the radius within which virial
equilibrium holds, i.e., gravitational potential energy is balanced by kinetic energy,
so that no further collapse takes place and the system has a stable size. From nonlinear theory of growth of structure, we can derive the particular value of the density
contrast, ∆, which characterizes virialization. By ‘density contrast’ we mean the
ratio of the mean density of an ‘overdense’ region undergoing collapse, to the mean
density of the background universe. As an overdense region collapses, its density
increases. For a high enough value of ∆, i.e., when a region attains a certain value
of overdensity with respect to the universe surrounding it, the region is predicted
to virialize, i.e., become pressure-supported and stable in size. After virialization
is achieved, the density of the system, or ∆, stays essentially constant over time
(or redshift). Non-linear theory tells us that, for a matter-only universe (ΩM = 1),
∆vir = 178. However, for our lightweight, flat universe with low matter density and
vacuum energy, ∆vir is given by (Bryan and Norman [1998], Eke et al. [1998]):

∆vir ≡

ρvir
= 178[Ω0.45
m ]
ρcrit

(1.2)

This formula is accurate to within 5% for 0.15 < Ωm < 1. (For a derivation, see
Eke et al. [1998].) Taking 0.26 < Ωm < 0.30, we get 97 < ∆vir < 103. So for this
paper we will take ∆vir ≈ 100.
Recall that matter density in a cluster is high at the core and falls off with radius.
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Figure 1.2: Upper panel: Critical threshold for collapse, δc , from linear theory of
spherical collapse. Lower panel: the virial density of collapsed objects in units of
critical density from non-linear theory. Source: Eke et al. [1996]
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Since mass is concentrated at the center, it follows that if the density contrast ∆ (total
matter contained within that radius over volume) is 100 within the virial radius, it
must have a higher value within a radius smaller than the virial radius. Using this
observation, we denote cluster radii by the density contrasts they represent with
respect to the critical density of the universe. Near the core, the density of a cluster
can be a few thousand times the critical density. As radius becomes larger, density
contrast becomes smaller, until it is ≈ 100 at Rvir . At outer radii, in which we
are interested, the following density contrasts (or equivalently, radii) are used as
important observational benchmarks: R500 , R200 and R100 , the radii within which
the density contrast with the critical density of the universe is 500, 200, and 100,
respectively. Thus, R500 is smaller than R200 which is smaller than R100 . R100 is
taken to be equal to Rvir , as we explained above. Similarly, M500 is the mass within
3
R500 , or 500ρcrit (4π/3)R500
. M200 is naturally larger than M500 , and so on.

Observations and simulations show that clusters are largely self-similar in terms
of total mass density profiles, such that the density profiles of all clusters can be
well-described by a universal formula (see Section 2.1, Navarro et al. [1995, 1996].
For instance, see the yellow line in Figure 1.1, which all clusters in the sample nicely
conform to.) One result of this useful self-similarity of clusters is that the ratios
between R500 , R200 and Rvir are more or less constant for all clusters: R500 ≈ 0.7R200 ,
R100 ≈ 1.3R200 . Thus the virial radius corresponds to approximately twice R500 . We
will use these ratios later in our analysis.
With the advent of Chandra and XMM-Newton, it has become possible to detect
cluster gas density in many cases to R500 . In some cases, observations have been
made to R200 . In other words, even the most recent cutting-edge observations only
go to roughly half, or at most three quarters, of the virial radius. This observational
limitation arises because the gas density at such large radii becomes too low to emit
easily detectable X-ray signal.
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This fact allows us to put the claims of “missing baryons in clusters” in context.
In the previous section we listed a few papers which have claimed to see less baryons
in clusters than expected. However, Vikhlinin et al. [2006] and Arnaud et al. [2007],
using Chandra and XMM-Newton respectively, collect data only to R500 , or half the
virial radius. It should perhaps be no surprise that their baryon fraction falls short
of the cosmic value at this radius. The gas fraction f gas is clearly rising at the
outermost radii observed. We should allow, therefore, for the extrapolation of the
baryon fraction to larger radii to see if it can be reconciled with the cosmic baryon
fraction at closer to the virial radius.
Afshordi et al. [2007] see a lower value of f gas than Vikhlinin et al. [2006] and
Arnaud et al. [2007] even as they observe to R200 . One reason might be that their
sample of 193 clusters ranges in mass from poor clusters to rich, unlike the samples of
Vikhlinin et al. [2006] and Arnaud et al. [2007] which comprise of rich clusters only. It
could be that the baryon fraction varies with total mass, and the most massive clusters
have a higher baryon fraction than less massive clusters. Our analysis investigates
this question as well.
In this paper, we will use the most recent and best observations of cluster gas
density and total mass density to (i) determine the best value of the gas fraction at
R500 ; (ii) determine from observations how the slope of the gas density and the total
density profiles varies in the range of R500 to Rvir ; and (iii) use the ‘baseline’ baryon
fraction observed at R500 and the slopes of the density profiles to extrapolate the
baryon fraction to the virial radius. We will also explore the variation of the baryon
fraction with mass, at R500 and beyond.
In Chapter 2 we present the observations which form the basis for our ‘baseline’
data at R500 : the gas fraction, stellar fraction, total mass, total density slope and
gas density slope for various masses of clusters; in Chapter 3 we use observations to
extrapolate the baryon fraction at R500 to R200 and R100 (the virial radius); in Chapter
14

4 we discuss our results in terms of cluster energetics and dynamics; in Chapter 5 we
compare the results of our extrapolation with observations of the gas fraction at R200 ;
and in Chapter 6 we give a summary and our conclusions. The cosmology assumed
throughout is a ΛCDM model with Ωm = 0.258, ΩΛ = 0.742, and H0 = 72 km/s/Mpc,
unless otherwise stated.
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Chapter 2
Observational Data
In this chapter we first review some cluster basics: the observed profiles of total
density, gas density, galactic stars and ICL at large radii. We then use the most
recent and best observations to constrain the baryon fraction at R500 as a function
of M500 . We then use observational data to constrain the slope of the gas density
profile verses radius in the region of R500 to R100 , for the purposes of extrapolation
from R500 to the virial radius, R100 .

2.1

The Universal Mass Density Profile of Groups
and Clusters

The distribution of total mass (baryonic and dark) in a cluster (or group) follows a
universal density profile, regardless of cluster mass, power spectrum shape, or the
value of the cosmological parameters, as shown from both simulations and observations. This universal mass density profile is best described by an analytical model first
proposed from simulations by Navarro, Frenk and White (Navarro et al. [1995, 1996],
Dubinski and Carlberg [1991]). Observations have repeatedly confirmed the ‘NFW’
profile, as it is now called, to be the correct description for the mass density profile in
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clusters and groups (Mandelbaum et al. [2008], Sheldon et al. [2009], Umetsu et al.
[2009] and references therein, also see Figure 1.1). The formula describes the mass
density outside the cluster core as an inverse power law with radius, i.e., ρ(r) ∝ r−αm ,
with the slope αm steepening from ∼ −1 near the core to ∼ −3 at the outskirts. The
full formula is:

ρ(r) =

δc ρcrit
,
(r/Rs )(1 + r/Rs )2

(2.1)

where ρcrit ≡ 3H 2 /8πG is the critical density at the given redshift (H is the corresponding value of the Hubble constant). Rs is a characteristic radius constrained by
the concentration parameter of the cluster, which is usually defined as c200 ≡ R200 /Rs .
The c200 parameter then serves as a comparison of concentrations between clusters. A
more concentrated cluster will have a smaller core radius Rs , and thus a larger value
of c200 . δc is the characteristic overdensity of the cluster (see Figure 1.2, upper panel),
constrained by the fact that the mean density within R200 should be 200 × ρcrit .

δc =

c3
200
3 [ln(1 + c) − c/(1 + c)]

(2.2)

From Equation 2.1 we can see that close to the core where r ∼ Rs , the density
falls as ∼ r−1 . At the outermost radii where r  Rs , density falls as ∼ r−3 . The
logarithmic slope of the mass density profile −αm ≡ d log ρ(r)/d log r would then vary
from ∼ 1 close to the core to ∼ 3 at very large radii.
Generally, the value of the concentration parameter c200 varies with cluster mass.
Our sample of nearby clusters has a mass range from M500 = 3 × 1013 M to M500 =
1 × 1015 M . Mandelbaum et al. [2008] use the Sloan Digital Sky Survey to derive
a relation between halo mass and concentration from weak lensing. They find that
the NFW concentration parameter c200 decreases with halo mass, from 10 for galactic
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Figure 2.1: The best-fit c(M ) relation from Mandelbaum et al. [2008] at z = .22,
using SDSS weak lensing measurements to map the mass distribution in groups and
clusters. The 1σ allowed region is indicated. The red points with error bars show
the best-fit masses and concentrations for each bin when fit individually, without
requiring a power-law c(M ) relation. The blue dotted lines show comparison with
simulation results of Neto et al. [2007]. Note that the mass scale is calibrated by M200 ,
whereas in our paper we generally calibrate masses in M500 , which is about a factor
of 0.85 lower. For our mass range 3.7 × 1013 M ≤ M200 ≤ 11.7 × 1014 , Mandelbaum
et al. [2008]’s best fit relation gives c200 ≈ 5.
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halos to about 4 for massive clusters. They assume a power law dependence of
concentration on halo mass in the form of c200 = c0 (M/1014 h−1 M )−β , and find bestfit c0 = 4.6 ± 0.7 and β = 0.13 ± 0.07. According to this relation, shown in Figure 2.1,
the best fit value of c200 for our mass range of 3.2 × 1013 M ≤ M500 ≤ 10 × 1015 M
is ≈ 5. Note that Mandelbaum et al. [2008] give halo mass in terms of M200 , whereas
we calibrate halo mass as M500 . The latter is systematically lower than the former
by about a factor of 0.85. This means that on Mandelbaum et al. [2008]’s scale, our
cluster sample falls in the range 3.7 × 1013 M ≤ M200 ≤ 11.7 × 1014 , corresponding
to c200 ≈ 5.
Mandelbaum et al. [2008]’s observational estimates of c200 are slightly lower than
but within 1σ of results from simulations. For example, the original paper by Navarro
et al. [1996] yielded from simulations a concentration parameter c200 ≈ 6.5 for masses
of the order of 1014 M , which agrees within 1σ with Mandelbaum et al. [2008]. More
recently, the Millennium simulations of Neto et al. [2007] predict that c200 ≈ 4.6 for
this mass range, nicely consistent with observations.
Setting c200 = 5, we can analytically derive values of the mass density slope
αm = −d log ρ(r)/d log r in the the range from R500 to R100 . We find that αm = 2.57
in the vicinity of R500 . αm steepens to 2.74 in the vicinity of R100 . On average,
in the interval between R500 and R200 , αm ≈ 2.6. In the next interval (of roughly
equal length) between R200 and Rvir , αm averaged to ≈ 2.7.

2.2

The Gas Density Profile

Gas contributes the largest share to baryons in clusters (∼ 60−90%). The gas density
profile is observed to be more spread out, or shallower, than the NFW profile (Figure
1.1). Since the gas density profile falls off less steeply than the NFW profile, the gas
fraction f gas increases with radius.
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The gas density profile is best fitted by a ‘beta model’ (Cavaliere and FuscoFemiano [1978] and references therein). Like the NFW profile, the beta model follows
an inverse power law behavior of gas density with radius, i.e., ρgas (r) ∝ r−αgas . The
beta model often fits less well at the core region, and so has to be modified at small
radii (e.g., see Vikhlinin et al. [2006]). But we are only concerned with large radii,
r > R500 , where the beta model proves a good fit.

ρ2gas

n20
= np ne =
(1 + r2 /Rc2 )3β

(2.3)

where np and ne are the densities of protons and electrons in the intracluster gas,
respectively. Rc is the core radius, and 3β = αgas = −d log ρgas (r)/d log r for r  Rc .
In these terms, the gas density profile is shallower than the NFW profile if αgas < αm .
Below we will describe the observations we used to constrain the behavior of the
density profile in the vicinity of R500 and beyond.

2.2.1

Chandra Measurements

Vikhlinin et al. [2006] present gas density and total mass density profiles based on
X-ray measurements out to R500 for 10 relaxed clusters; all results are derived from
Chandra X-ray surface brightness observations in the 0.7–2keV energy band. After
correcting for temperature profiles (Vikhlinin et al. [2005]) the count rate is converted
R
into the emission integral EI= ne np dV , where np and ne are proton and electron
density in the hot ICM, respectively. The clusters have redshift range 0.02 − 0.23,
temperature range 0.7–9 keV and mass range 0.77–10.74 ×1014 M . For each cluster
they fit the gas density profile to R500 with what is essentially the beta model at large
radii. Table 2.2.1 gives the best-fit values of the β parameter.
In Table 2.2.1, we have omitted the two lowest mass groups. For the remaining
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Table 2.1: Properties of Chandra Clusters
M500 (1014 h−1
0 M )

gas
f500

A383

3.06 ± 0.31

0.124 ± 0.007

0.69 ± 0.02

A133

3.17 ± 0.38

0.083 ± 0.006

0.82 ± 0.04

A907

4.56 ± 0.37

0.124 ± 0.006

0.72 ± 0.02

A1795

6.03 ± 0.52

0.104 ± 0.006

0.87 ± 0.03

A1413

7.57 ± 0.76

0.107 ± 0.007

0.81 ± 0.03

A478

7.68 ± 1.01

0.120 ± 0.011

0.76 ± 0.02

A2029

8.01 ± 0.74

0.123 ± 0.007

0.76 ± 0.03

A2390

10.74 ± 1.08

0.141 ± 0.009

0.70 ± 0.01

Cluster Name

β500

gas
Chandra measurements of mass M500 , gas fraction f500
and gas density slope parameter β for 10 relaxed nearby clusters (Vikhlinin et al. [2006]).

groups, the values of β and f gas at R500 are quite self-similar. A weighted mean β of
the eight clusters is:
PN

β = Pi=1
N

(βi /∆2i )

2
i=1 (1/∆i )

(2.4)

where the subscript i refers to the ith cluster and where N equals 8 in this case. To
find the error on the mean, we use the formula for standard deviation divided by
√
N − 1:
qP
∆(β) =

N
i=1 (βi

− β)2

N −1

(2.5)

We find β = 0.729 ± 0.016. Multiplying by 3, the mean gas density slope for the
eight clusters is αgas = 2.19 ± 0.05. At R500 , the NFW total mass density slope is
αm = 2.57, considerably steeper than the gas density profile. This is true not only
for the mean value of αgas but for all individual clusters, with the result that f gas is
a rising function of radius in all cases at the largest radius observed.
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X-ray temperatures of the intracluster gas have also been measured via Chandra to
greater resolution than ever before (Vikhlinin et al. [2005]). The temperature profiles
are also observed to follow an inverse power law with radius. Using both temperature
and gas density profiles, and assuming hydrostatic equilibrium, Vikhlinin et al. [2006]
derive total mass M500 within R500 .
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Mtot (r) = −3.68 × 10 M T (r)r

d log ρg d log T
+
d log r
d log r


(2.6)

where T in in units of keV and r is in units of Mpc. Given Mtot (r) they determine
the gas fraction f gas (r) ≡ Mgas (< r)/Mtot (< r).

Ettori and Balestra [2009] have selected 11 massive clusters from Chandra
data for which it was possible to survey X-ray surface brightness to ≈ R200 . The
clusters are hot (T > 3keV) and high-redshift (0.3 < z < 1.3). Two of these clusters
overlap with Vikhlinin et al. [2006]’s sample. They fit a single power-law function
to the surface brightness profiles in different radii ranges. The surface brightness
is a function of gas density as well as temperature, both of which are power laws:
R
Sb ∝ n2gas Λ(T )dl where the integral is along the line of sight. When corrected for
the weak dependence of the cooling function on gas temperature in the considered
energy band, the surface brightness power-law implies a slope in the gas density
profile of αgas = 2.39 ± 0.35 at R500 , and αgas = 2.62 ± 0.43 at R200 . This suggests a
steepening of gas density slope of about 10% from R500 to R200 , but with a large error
bar, such that no steepening with radius is also consistent with Ettori and Balestra
[2009]’s results within 1σ. Ettori and Balestra [2009]’s slopes are steeper than other
measurements (including Vikhlinin et al. [2006] above), but within their error bars
they are consistent.
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Sun et al. [2009] present an analysis of 43 galaxy groups and poor clusters
(M500 = 1013 − 1014 M ) at low redshift (z = 0.012 − 0.12), based on Chandra archival
data, for the purpose of comparison with rich Chandra clusters analyzed by Vikhlinin
et al. [2006]. Like Vikhlinin et al. [2006], surface brightness data is collected in the
0.7–2keV energy band, and the surface brightness is fitted to a model which follows
the beta model at large radii. After robust background subtraction and modeling, for
11 groups, gas properties can be derived to R500 . For an additional 12 groups, gas
properties can be derived to at least R1000 and properties at R500 are estimated from
extrapolation. (Three of these, however, are below our minimum threshold mass for
groups of M500 = 3 × 1013 M . So we discard them.) Sun et al. [2009] found the gas
fraction to be an increasing function of radius in all cases to R500 , indicating that the
gas density profile is shallower than the NFW profile for all groups in the sample.
Table 2.2.1 gives the mass and gas fraction for each of the 20 groups for which surface
brightness could be observed to R500 .

2.2.2

XMM-Newton Measurements

Arnaud et al. [2007] and Pratt et al. [2006] observe 10 relaxed clusters with
XMM-Newton to R500 in the band 0.3 − 3. keV. The clusters are nearby (z < 0.2)
with temperatures ranging from 2–9keV. Pratt et al. [2006] (in Appendix A) derive
gas density profiles from the emissivity corrected surface brightness profiles using the
deprojection and PSF-convolution technique developed by Croston et al. [2006]. They
fit the gas density profiles to beta-models. The best-fit values of β are given in Table
2.2.2. Integrating the gas density profile gives total gas mass.
Pointecouteau et al. [2005] derive the mass profile for each cluster from the
best fitting gas density profile and the deprojected, PSF-corrected temperature profile
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Table 2.2: Properties of Chandra groups
gas
f500

Group

M500 (1013 M )

MKW4

4.85+0.71
−0.68

0.086+0.009
−0.009

3C 442A

3.90+0.22
−0.40

0.068+0.006
−0.003

NGC 4104

4.85+0.55
−0.53

0.069+0.009
−0.006

A1177

5.28+0.84
−0.73

0.060+0.009
−0.007

NGC 6269

8.49+1.97
−2.01

0.076+0.011
−0.010

ESO 306-017

10.3+2.1
−1.3

0.081+0.010
−0.011

A160

7.90+1.06
−1.10

0.085+0.009
−0.008

UGC 842

5.60+2.60
−1.10

0.056+0.012
−0.014

A2717

12.9+2.7
−1.7

0.076+0.010
−0.010

RXJ 1022+3830

8.00+1.31
−1.40

0.075+0.007
−0.013

AS1101

14.1+5.0
−3.4

0.114+0.021
−0.020

ESO 351-021

3.22+1.80
−0.90

0.074+0.013
−0.018

A3880

14.9+5.0
−3.5

0.088+0.016
−0.021

A1991

13.4+2.5
−1.9

0.094+0.018
−0.031

A1275

6.90+3.00
−1.67

0.094+0.012
−0.018

A2092

8.95+1.81
−1.62

0.078+0.013
−0.013

A2462

8.80+1.29
−1.19

0.099+0.011
−0.009

RXJ 1159

8.30+3.10
−1.12

0.065+0.007
−0.012

A1692

9.70+2.99
−1.91

0.090+0.014
−0.020

A2550

7.90+2.90
−1.00

0.093+0.011
−0.016

gas
Mass M500 and gas fraction f500
of 20 groups and poor clusters (Sun et al. [2009]).
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Table 2.3: Cluster Properties from XMM-Newton Observations
M500 (1014 h−1
0 M )

gas
f500

β500

A2717

1.10+0.13
−0.11

0.093+0.012
−0.011

0.63

A1991

+0.13
1.20−0.12

0.104+0.012
−0.011

0.65

A2597

+0.23
2.22−0.21
+0.29
3.87−0.27
+0.44
4.82−0.40
+1.20
7.57−1.02
+0.80
7.27−0.70
+0.86
8.39−0.77

0.113+0.012
−0.013
0.097+0.008
−0.007
0.157+0.016
−0.014
0.123+0.020
−0.017
0.147+0.018
−0.016
0.126+0.014
−0.012

0.73

Cluster Name

A1068
A1413
A478
PKS0745-191
A2204

1.01
0.71
0.84
0.64
0.91

gas
Mass M500 , gas fraction f500
and the gas density slope parameter β from XMMNewton observations by Arnaud et al. [2007], Pratt et al. [2006], Pointecouteau et al.
[2005]. M500 is found from assumptions of hydrostatic equilibrium and NFW mass
distribution. Gas density profile is found from fitting to the beta model.

under the assumption of hydrostatic equilibrium (Equation 2.6). They find M500
values from fitting mass profiles to NFW models, except for the two lowest mass
gas
clusters. Knowing mass of gas and total mass, f500
can be found. The two smallest

clusters could not be observed to R500 ; for this reason, we discard them. The combined
XMM-Newton data from Arnaud et al. [2007], Pointecouteau et al. [2005] and Pratt
et al. [2006] for XMM-Newton clusters is given in Table 2.2.2.
Pratt et al. [2006] do not provide error bars on their values of β. Therefore we will
not use their values of β to calculate our final average value of β at R500 . However, a
straight average of Pratt et al.’s β values gives β ≈ 0.77 which corresponds to a gas
density slope of ≈ −2.3, in good agreement with Vikhlinin et al. [2006].
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2.2.3

Sunyaev-Zel’dovich Measurements

Plagge et al. [2009] present Sunyaev-Zel’dovich data of 15 massive X-ray selected
clusters measured with the South Pole Telescope at 150 GHz and 220 GHz. SunyaevZel’dovich decrements are observed for all clusters to large radii of R200 and Rvir .
Radial profiles are obtained using a technique that takes into account the effects of the
beams and filtering. However, the Sunyaev-Zel’dovich effect measures pressure, which
is proportional to the ICM density times temperature. In order to obtain accurate
density profiles, the Sunyaev-Zel’dovich pressure measurements must be corrected for
the temperature profile and then fit with a beta model.
The Sunyaev-Zel’dovich (SZ) effect is produced by the distortion of cosmic microwave background (CMB) photons by collisions with high-energy electrons in the
ICM. This effect can be approximated as the sum of two components (Birkinshaw
[1999] and references therein): that caused by the random thermal motion of the hot
scattering electrons, and that caused by the cluster peculiar velocity relative to the
Hubble flow. The former, known as the thermal SZ effect, leads to a distortion of the
CMB Planck spectrum of the form

f (x) =


ex + 1
x x
− 4 (1 + δSZ (x, Te ))
e −1

(2.7)

where x ≡ hν/kB TCM B is the dimensionless frequency, TCM B is the temperature
of the CMB, Te is the temperature of the ICM electrons, and δSZ is a relativistic
correction (Itoh et al. [2000]). For nonrelativistic electrons, the distortion results in a
decrement in the measured CMB temperature at frequencies below ∼ 217 GHz and an
increment above. The amplitude of the effect, expressed as a change in temperature
∆T relative to the CMB temperature, is given by
∆T
= f (x)y = f (x)
TCM B
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Z
σT ne

kB Te
dl
me c2

(2.8)

where y is the Compton-y parameter, a measure of integrated pressure as mentioned
above. σT is the Thomson cross-section, ne and Te are the electron number density
and temperature in the ICM, respectively, and the integral is along the line of sight.
The integrated y-parameter is a quantity proportional to the total thermal energy of
the cluster at a given radius, and therefore provides an estimate of the cluster mass.
For typical massive clusters, the kinetic SZ effect produces a signal much smaller than
the thermal SZ effect, except at frequencies near the ∼ 217 GHz thermal SZ null.
In much of the past work on the thermal SZ effect, isothermality was assumed,
i.e., temperature was taken to be constant at all radii, and thus the y-profile was
simply fitted directly to a beta model in order to estimate gas density profile (e.g.,
Grego et al. [2000], Reese et al. [2002], Benson et al. [2004], Halverson et al. [2009]).
However, observations have shown that the assumption of isothermality is far from
valid. Temperature clearly falls with radius, and this must be subtracted from the
SZ pressure profile in order to obtain the gas density profile.
Attempts have been made to develop a standard temperature ‘correction factor’
to convert from SZ pressure profile to gas density profile. For this purpose, a ‘universal temperature profile’ is needed. There is observational evidence that one exists
(Vikhlinin et al. [2005], Sun et al. [2009], etc.). Reiprich et al. [2009], George et al.
[2009], Bautz et al. [2009], Hoshino et al. [2010] measure cluster temperature profiles
from Suzaku all the way to R200 and beyond. They find an inverse power law relationship of temperature with radius, T (r) ∝ r−αT , where αT ≈ 1. Generally, from
∼ 0.5R200 to R200 , they find a temperature drop of about a factor of two.
Hallman et al. [2007] use nearly 500 cluster simulations to analyze the discrepancy
between isothermal-beta SZ profiles, X-ray profiles and the actual gas density profiles.
They find a ‘universal temperature profile’ as above with αT = 1.0, shown by their
simulations and confirmed by observations. For the gas density they find a slope of
αgas = 2.4, or β = 0.8. Table 2.2.3 (reproduced from Hallman et al. [2007]) gives for
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Table 2.4: Beta-model Fits to Simulated X-Ray and Isothermal S-Z Profiles
Method

β − 1σ

Median β

β + 1σ

Isothermal X-ray

0.84

1.02

0.70

Isothermal SZ

1.05

1.27

0.88

X-ray with UTP

0.81

0.97

0.67

SZ with UTP

0.82

0.97

0.69

Actual gas density

0.8

0.8

0.8

Results from Hallman et al. [2007]’s simulations to find a temperature ‘correction factor’ to convert from an isothermal beta model fit to SZ decrements, to the actual gas
density profile. SZ decrements give a combined measure of gas density times temperature. The table shows the β-parameters obtained from fitting a beta model directly
to SZ and X-ray measurements, and the beta-parameters obtained after correcting
both for a universal temperature profile (UTP) (see text).
R200 the β-parameters obtained from fitting a beta model directly to isothermal SZ
and X-ray measurements, and the β-parameters obtained after correcting both for a
universal temperature profile (UTP) as stated above. As can be seen from the results,
an isothermal beta-fit to the SZ profile yields β = 1.05, which is different than the
‘true’ gas density β = 0.8 (a parameter set in the simulations) by a factor of 1.3. We
use this as the correction factor, with an error bar on the correction factor of roughly
0.1.
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Figure 2.2: Beta-model fits to SZ-decrements of four out of fifteen clusters observed
to R200 by the South Pole Telescope (Plagge et al. [2009]). Thep
models fit very well
to R200 and beyond. The vertical dashed lines are estimates of 500/∆c R500 where
∆c is calculated according to Bryan and Norman [1998].
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Figure 2.3: Beta-model fit to stacked SZ-decrements of fifteen clusters observed to
R200 by the South Pole Telescope (Plagge et al. [2009]). The models fit very well to
R200 and beyond.
Plagge et al. [2009] stack their cluster profiles weighted by noise, scale them to
R500 , and then fit them with an isothermal β-model. This model provides an excellent
fit all the way to Rvir (Figure 2.2.3). Their best fit value for βSZ is 0.86±0.09 at R500 .
(The model fits to beyond R500 , but they evaluated β at R500 in order to compare
with previous work.) Correcting this for a factor of 1.3 ± 0.1 from Hallman et al.
[2007], we get β = 0.68 ± 0.09, or gas density slope αgas = 2.03 ± 0.27. Since the
beta-model fits so well with raw SZ profile, the error in the final β is mostly due to
uncertainty in the correction factor.

Umetsu et al. [2009] use SZ measurements from AMiBA, and mass profiles
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Table 2.5: Cluster Properties from SZ Measurements with AMiBA
Cluster

M500 (1014 M )

gas
f500

gas
f200

A1689

11.5+0.13
−0.12

0.115+0.029
−0.029

0.119+0.031
−0.030

A2142

7.9+0.22
−0.16

0.169+0.046
−0.034

0.183+0.049
−0.037

A2261

9.3+0.17
−0.16

0.103+0.036
−0.033

0.108+0.040
−0.035

A2390

6.7+0.15
−0.14

0.153+0.075
−0.049

0.164+0.084
−0.053

M500 measured from Subaru weak lensing, and f gas determined from AMiBA SZ
profile combined with X-ray temperatures, for four massive clusters (Umetsu et al.
gas
[2009]). f gas increases in all cases from R500 to R200 . f500
is in very good agreement
with Chandra and XMM clusters (Vikhlinin et al. [2006], Arnaud et al. [2007]).
from weak lensing with Subaru, to constrain baryon fraction in four clusters. The
cluster are massive, with mean M500 ≈ 9 × 1014 M . They correct the SZ-obtained
pressure profiles with published X-ray temperatures (Reese et al. [2002], Markevitch
et al. [1998], Boehringer et al. [1998], Sanderson et al. [2003]). Thus they constrain
f gas at R500 and R200 , as shown in Table 2.2.3. f gas increases in all cases from R500
gas
to R200 . f500
is in very good agreement with Chandra and XMM clusters (Vikhlinin

et al. [2006], Arnaud et al. [2007]). Averaging, we get:

gas

f 500 = 0.126 ± 0.019 ± 0.016

(2.9)

and
gas

f 200 = 0.133 ± 0.020 ± 0.018,

(2.10)

where the first error is statistical, and the second is the standard error due to clusterto-cluster variance.
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Figure 2.4: Normalized surface brightness profiles of the stacked RASS images
of the 2MASS clusters from Dai et al. [2009], multiplied by R2 and in arbitrary
units. Surface brightness is fit with a β-model (shown by dashed lines), S(R) ∝
(1 + (r/Rc )(−3β+1/2) ), which corresponds to a three-dimensional gas density profile
of ρgas (r) ∝ (1 + (r/rc )−3β/2 ), where Rc = rc . The richest clusters (Class 0, empty
circles) show a steep decline beyond R200 .
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2.2.4

ROSAT Measurements

Dai et al. [2009] observe 2MASS baryon fractions in groups and clusters as a function of cluster richness using total and gas masses from stacked ROSAT X-ray data.
For all richness classes they observe to R200 or beyond. Their highest richness class
0 corresponds to M500 = 3.2 ± 0.7 × 1014 M . For this richness class, they fit a beta
model and retrieve β = 0.75 ± 0.05, or αgas = 2.25 ± 0.15. For the next next richness
class 1 which corresponds to M500 = 0.43 ± 0.1 × 1014 M , they fit αgas = 1.8 ± 0.18.
At roughly R200 , the surface brightness for the richness class 0 drops steeply below
the beta model profile. Richness class 1 shows no such decline. This steep decline
in gas density profile for the richest clusters beyond R200 is a matter of concern, as
our analysis will assume smooth extrapolation of the gas density profile to the virial
radius. Indeed, for their richness class 0, f gas shows no change from R500 to R200 ,
implying that the gas density profile steepens to follow the NFW profile in this radial
range. For richness class 1, f gas shows a significant rise to R200 . Nevertheless, even
for richness class 0, their slope is valid to R200 and contributes to the calculation of
the value of αgas at R500 , or our ‘baseline’.

2.2.5

Suzaku Measurements

Suzaku observations are remarkable because they go out to R200 or beyond, albeit with
low resolution. Bautz et al. [2009] report Suzaku observations of the cluster Abell
1795 (kT ≈ 5.3 keV) extending all the way to R200 = 1.9 Mpc. Their deprojected
gas density profile approaches a power law at large radius, with αgas = 2.27 ± 0.07 at
R500 . They also observe that T (r) ∝ r−0.9 . This allows them to invoke hydrostatic
14
equilibrium and calculate M500 = 4.1+0.5
−0.3 × 10 M .

George et al. [2009] measure X-ray emission from the PKS 0745-191 (z = 0.1,
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Figure 2.5: Surface brightness profile for Abell 1795 using Suzaku X-ray data (Bautz
et al. [2009]), northward (black circles) and southward (red circles) from the cluster
center in the 2–8 keV band. The solid curve shows the best-fit β-model fit to all the
points.
M200 = 6.4 ± 0.6 × 1014 M ) all the way to R100 . Using the temperature profile and
hydrostatic equilibrium, they fit an NFW profile to total mass and a power law to
gas density. Oddly enough, their data points for nH and r (personal correspondence)
show the density profile growing shallower (rather than steeper) at large radii. The
best fit to R100 is αgas = 2.10 ± 0.01. Not considering the central region (≈ 0.5R500 )
yields an even shallower result, αgas ∼ 1.7. However, the authors report based on
the same data αgas = 2.23 ± 0.01. These calculations are far more than 1 σ apart
from one another (possibly due to underestimated error bars in this paper), which
makes the results dubious. We can only conclude that the gas density slope in PKS
0745-191 is αgas ≈ 2 ± 0.3 at large radii.
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Table 2.6: Summary of Observations of the Gas Density Slope at R500 and R200
Source
Vikhlinin et al. (2006)
Plagge et al. (2009)

Data
10 Chandra clusters
SZ measurements of 15 SPT clusters

Ettori et al. (2009)

11 Chandra clusters

Bautz et al. (2009)
Dai et al. (2010)

2.2.6

Abell 1795 by Suzaku
richest 2MASS clusters

Radius
R500
R200
R500

αgas
2.19 ± 0.05
2.03 ± 0.27
2.39 ± 0.35

R200
R500
R200

2.62 ± 0.43
2.27 ± 0.07
2.25 ± 0.15

Summary: Gas Density Slope at R500 and Beyond

Table 2.2.6 summarizes the observed gas density slope αgas = d log ρgas /d log r at R500
and/or R200 from various observations listed above. We use R500 as our ‘baseline’ for
extrapolation, as we have sufficient observational data to precisely constrain αgas as
well as f gas at R500 .
Using these observations we find the mean value of gas density slope at R500 using
a weighted mean:
PN
αgas =

2
i=1 (αgas,i /∆i )
PN
2
i=1 (1/∆i )

(2.11)

where i refers to the ith source. To find the error on the mean, we used the formula
√
for the standard deviation divided by N − 1, where N is the number of contributing
sources.
qP
∆(αgas ) =

N
i=1 (αgas,i

− αgas )2

N −1

(2.12)

This comes out to be

αgas = -2.21 ± 0.05
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(2.13)

Figure 2.6: Cluster gas fraction as a function of total mass at R500 . The clusters
are observed with Chandra and XMM-Newton (Vikhlinin et al. [2006], Arnaud et al.
[2007], Sun et al. [2009]).
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at R500 . This is significantly shallower than the NFW dark matter slope at R500
of αm = 2.57. If the gas density slope continues to be flatter than the NFW slope
beyond R500 , the gas fraction will increase with radius beyond R500 .

2.3

The Stellar Fraction

Stars constitute approximately 10–40% of baryons, or 2–4% of total mass in groups
and clusters. Stellar fraction has been observed to have a correlation with mass: it
seems to be higher in groups and poor clusters than in rich clusters (e.g., Giodini
et al. [2009], Lin et al. [2003], Gonzalez et al. [2005]; Bryan [2000]). Lin et al.
[2003] analyzed near-infrared data for 13 clusters selected from the 2MASS survey.
The mass range is M500 = 1014 − 1015 M . For each cluster they multiplied the
total K-band luminosity by the average stellar mass-to-light ratio (Υstar (TX )) for
that cluster. The mean stellar mass-to-light ratio was estimated from observations of
elliptical and stellar galaxies (Gerhard et al. [2001]; Bell and de Jong [2001]), after
taking into account the varying spiral fraction as a function of temperature (Bahcall
[1977]; Dressler [1980]). To find M500 , they use an X-ray M − TX relation obtained
by Finoguenov et al. [2001] from ASCA profiles. They find the following correlation
between stellar fraction and M500 :

stars
f500

Mstar
−2
≡
= 1.64+0.10
−0.09 × 10
M500



M500
3 × 1014 M

−0.26±0.09
(2.14)

Giodini et al. [2009] investigate the behavior of stellar fraction with mass for
a bigger mass range than Lin et al. [2003], M500 = 1013 − 1015 M . For this purpose,
they complement the 2MASS sample of Lin et al. [2003] with 91 low mass groups
(M500 = 1013 − 1014 M ) from the COSMOS Survey. They determine total mass
for the COSMOS sample from weak lensing, which is more robust than the scaling
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relation used by Lin et al. [2003]. They improve the mass estimates of Lin et al. [2003]
by applying instead the more recent scaling relations by Pratt et al. [2006]. They find
total stellar mass from K-band luminosity in a manner similar to Lin et al. [2003]’s.
For the COSMOS groups alone, Giodini et al. [2009] find the following scaling
relation of stellar fraction with halo mass:

stars
f500

=

5.0+0.1
−0.1

−2



× 10

M500
5 × 1013 M

−0.26±0.09
(2.15)

However, looking at Figure 2.7, we note that either sample taken by itself displays
a weaker trend with mass than the combined sample. The open squares (2MASS
clusters) by themselves show a weak, shallow trend. The filled grey circles (COSMOS
groups) on their own show a similarly weak trend. Taken together, the combined
sample shows a strong trend (solid line). We also note that the two samples are holistically slightly displaced vertically on the plot, perhaps due to the different techniques
of mass determination used by each author. The trend could reflect the discrepancy in
mass calibration, as well as a true variation in stellar fraction. If this is the case then
the stellar fraction could be a slightly shallower function of mass, closer to M −0.3 as
found by each sample individually. This does not make a big difference to our baryon
fraction. However, there is considerable overlap between the two samples and they
seem to be continuous. So the concerns could be ill-founded. In any case, taking one
sample at a time is not a viable option because the mass range of each individual
sample is too small to yield a robust scaling relation with mass.
So we adopt the scaling relation displayed by the combined sample (solid line in
Figure 2.7):

stars
f500

=

5.0+0.1
−0.1

−2



× 10
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M500
5 × 1013 M

−0.37±0.04
(2.16)

Figure 2.7: Stellar-to-total mass ratio vs. total mass, for the combined sample of 91
COSMOS groups (grey circles) and 27 2MASS clusters (empty squares) (Giodini et al.
[2009], Lin et al. [2003]). The solid line shows the best fit relation for the combined
sample. The dashed and dotted lines show fits to COSMOS clusters only. The large
points show the bi-weight mean and standard deviation for the combined data binned
into five logarithmic bins by mass. (Source: Giodini et al. [2009])
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Thus, stars contribute roughly 40% to the baryon content in low mass clusters (<
1014 M ) but only about 13% in high-mass clusters. This implies a strong downward
trend in star-formation efficiency from groups to clusters. The underlying cause
(Springel and Hernquist [2003]) might be the less efficient formation of cooling flows
in halos with virial temperatures above 107 K.
The stellar fraction is higher near the core than at the outskirts of the cluster,
but at the radial range of R500 − Rvir that we are interested in, the stellar fraction is
expected to remain constant to a good approximation.
Gonzalez et al. [2007] have also investigated stellar fraction in groups and clusters.
Their stellar fraction-mass relation is considerably steeper than that of either Lin
et al. [2003] or Giodini et al. [2009]. Their sample is biased towards systems with
dominant brightest cluster galaxies (BCG), which might artificially boost the mean
stellar fraction in their sample.

2.4

Diffuse Intracluster Light (ICL)

The last piece we need in order to account for baryons in clusters is intracluster stars
stars, which emit diffuse intracluster light in the near-infrared part of the spectrum.
The unambiguous detection of intracluster light (ICL) in nearby clusters was made
possible by the advent of high-sensitivity panoramic CCD detectors which measured
at very faint surface brightness levels, from ∼ 26 down to ∼ 30 magR arcsec−2 (Bernstein et al. [1995], Gonzalez et al. [2000], Gonzalez et al. [2005], Feldmeier et al. [2002],
Feldmeier et al. [2004]). It is worth noting that the dynamical definition of ICL we
gave above cannot apply to photometric measurements (Zibetti [2008]). All photometric studies of the ICL have to define criteria, like surface brightness thresholds
and/or profile decompositions, to isolate the ICL from the rest of the optical cluster
light, in a way that does not need to be consistent with dynamical definitions.
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Zibetti [2008] used stacking analysis of 683 clusters at z = 0.2–0.3 ranging in
total mass from a few times 1013 to 5 × 1014 M

(the average total mass is 7 ×

1013 M ), selected from a 1500 deg2 of SDSS-DR1, reaching the unprecedented surface
brightness limit of ∼32 mag arcsec2 (R band in the z = 0.25 observed frame). They
show that on average the ICL contributes a constant 11%–22% of the stellar light
within 500 kpc. In a complementary study, Krick and Bernstein [2007] used a sample
of massive clusters with a range of morphology, redshift and densities to find that the
ICL contributes 6%–22% to the total cluster light in the R band within one quarter
of the virial radius, finding no appreciable correlation with cluster mass.
Given these results, one concludes that the contribution of the ICL to the total
mass of a system ranges between 11% and 22%. This range is consistent with the
theoretical results by Murante et al. [2007] and Purcell et al. [2008] in their attempt
at modeling the ICL by numerical simulations. In this paper, we assume a lower value
of 10% for ICL contribution to total stellar fraction, in order to get a conservative
estimate of total baryon fraction. Under this assumption, we can rewrite the stellar
fraction relation versus mass (Equation 2.3) to include an additional 10% contribution
of ICL:

stars
f500

2.5

=

5.5+0.1
−0.1

−2



× 10

M500
5 × 1013 M

−0.37±0.04
(2.17)

Putting It All Together: the Baryon Fraction

Using the observed stellar fraction relation in Equation 2.4, the stellar fraction in the
clusters and groups observed by our sources, i.e., Vikhlinin et al. [2006], Sun et al.
[2009], Arnaud et al. [2007], can be estimated. Recall that for each cluster or group,
we know f gas at R500 , as given in Tables 2.2.1, 2.2.1, and 2.2.2.
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Figure 2.8: Gas and total baryon fractions (including ICL contribution of 11%) for
four cluster mass bins at R500 . The clusters are taken from Vikhlinin et al. (2006),
Arnaud et al. (2007) and Sun et al. (2009).
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Table 2.7: Gas, Stellar and Total Mass Fraction at R500
gas
f500

stars
f500

stars+gas
f500

Bin

M500 (/M )

1

5.1 × 1013

0.068 ± 0.005 0.049 ± 0.002 0.117 ± 0.028

2

1.2 × 1014

0.080 ± 0.003 0.039 ± 0.004 0.119 ± 0.005

3

3.0 × 1014

0.103 ± 0.008 0.023 ± 0.002 0.126 ± 0.009

4

7.1 × 1014

0.123 ± 0.007 0.021 ± 0.002 0.143 ± 0.007

Gas, stellar and baryon fraction (including ICL) at R500 for four logarithmic mass
gas
bins (see text). Sources for f500
are Chandra and XMM observations by Vikhlinin
et al. [2006], Arnaud et al. [2007], Sun et al. [2009]. The stellar mass fraction is
derived from the scaling relation of Giodini et al. [2009], Lin et al. [2003] and ICL
calculations of Zibetti [2008] (Equation 2.4).
We divide the 38 clusters and groups from these sources into four logarithmic bins
of equal mass (after Giodini et al. [2009]). The “mean” mass for each bin is simply
the logarithmic middle value.
The highest mass bin, Bin 4, which ranges from 4.2×1014 M to 10.0×1014 M . has
10 clusters. The second to highest mass bin, Bin 3, which ranges from 1.7×1014 M to
4.2 × 1014 M , has 4 clusters. Bin 2, which ranges from 0.7 × 1014 M to 1.7 × 1014 M ,
has 19 poor clusters. And the least massive bin, Bin 4, which ranges from 3.2×1013 M
to 7.0 × 1013 M , has 7 poor clusters/groups.
To find the mean f gas for each bin, we calculate a mean (weighted by error) of all
the clusters in that bin.

f

gas

PN
=

2
i=1 (fgas,i /∆i )
P
N
2
i=1 (1/∆i )

(2.18)

where i refers to the ith member of that bin. The error on mass is simply the mass
range of each bin. The error bar on each f gas is the error on the mean, i.e., the
√
standard deviation of fgas values in each bin divided by N − 1, where N is the
number of clusters in the bin.
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∆(f

gas

qP

N
i=1 (fgas,i

)=

−f

gas

)2
(2.19)

N −1

The error on the total baryon fraction for each bin is derived by adding the errors
in the stellar fraction and the gas fraction respectively in quadrature.

∆(f stars+gas ) =

p

∆(f gas )2 + ∆(f stars )2

(2.20)

gas
Table 2.5 allows us to derive the following correlation between f500
and M500 .

gas
f500

−2



= (9.3 ± 0.2) × 10

M500
2 × 1014 M

0.21±0.03
(2.21)

Even though the stellar fraction is a decreasing function of total mass, the gas
mass is 5–10 times the stellar mass in our mass range, so that f stars+gas remains
an increasing function of mass. The baryon fraction versus total mass relation, as
calculated without ICL by Giodini et al. [2009], is:

stars+gas
f500


= (0.123 ± 0.003) ×
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M500
2 × 1014 M

0.09±0.03
(2.22)

Chapter 3
Analysis and Results
The last chapter established observational findings at R500 and R200 in order to provide
us with a framework for extrapolation of baryon fraction to larger radii. In Section
2.1 we established from the NFW profile that the matter density is proportional to
r−2.57 at R500 . In Section 2.2 we established from observations that the gas density
profile is proportional to r−2.21±0.05 at R500 , shallower than the NFW profile at the
same radius. We also collected observations to find mean gas fraction and stellar
fraction for various mass bins of clusters at R500 .
In this chapter, we will use these observations to extrapolate the baryon fraction
to the virial radius (R100 ). We assume that the total mass continues to follow the
NFW profile up to the virial radius. To extrapolate the gas density profile, we rely
on observations that provide gas density slopes to either R200 or beyond (Ettori and
Balestra [2009], Dai et al. [2009], George et al. [2009] and Plagge et al. [2009]).
Plagge et al. [2009] observed the Sunyaev-Zel’dovich decrements for 15 massive
clusters accurately to nearly the virial radius using the South Pole Telescope. They
fit the data to a beta model and find an excellent fit up to the virial radii of the
clusters. Assuming isothermality, they found isothermal β = 0.86 ± 0.09. But since
the temperature does not stay constant with radius, a correction for the temperature
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profile is needed in order to obtain the gas density profile. We use the results from
Hallman et al. [2007]’s simulations to derive a correction factor of 1.3 ± 0.1 (as shown
in Section 2.2.3), and thus obtained a density profile from Plagge et al. [2009]’s SZ
measurements of αgas = 2.03 ± 0.27 at R200 .
Ettori and Balestra [2009] provide a measurement of the trend of αgas to
R200 from Chandra observations of 11 massive clusters. On average, they observe a
steepening of the gas density slope by ≈ 10%, from 2.39 ± 0.35 at R500 to 2.62 ± 0.43
at R200 . At R500 their slope is steeper than most other observations (see Section 2.2),
though consistent within their large error bars. We normalize Ettori and Balestra
[2009]’s gas density slope to our mean observed value, and follow their relative trend
to larger radii. Therefore, we take from Ettori and Balestra [2009] the trend of
steepening of αgas by 10% from R500 to R200 . According to this trend, our value of
αgas should steepen from 2.21 ± 0.05 at R500 , to 2.4 ± 0.05 at R200 .
Dai et al. [2009] observe surface brightness profiles of stacked ROSAT clusters
R
to R200 . The surface brightness is given by S = ρ2gas Λ(T )dl where the integral is
along the line of sight and Λ(T ) is the cooling function which has a weak dependence
on T . For the gas density, they find αgas = 2.25 ± 0.15 which fits well to R200 .
Other observations which extend to R200 are less reliable. We saw that George
et al. [2009] observed the cluster PKS 1745-191 with Suzaku X-ray data. Although
George et al. [2009]’s measurements extend to R100 and therefore provide valuable
information, their quantitative results are fraught with difficulties. The gas density
profile in their cluster PKS 0745-191 appears to get shallower (rather than steeper) at
large radii, which is at odds with other observations. The spatial resolution of Suzaku
is low and the radial mass bins have large error bars, resulting in an uncertain gas
density slope. Therefore, we do not use George et al. [2009]’s results in our analysis.

In light of the above observations, we have developed three plausible scenarios for
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the gas density profile beyond R500 .
1. We use the average of the three observed values of αgas at R200 mentioned above:
2.03 ± 0.27 (from Plagge et al. [2009]), 2.4 ± 0.27 (normalized from Ettori and
Balestra [2009]), and 2.25 ± 0.15 (from Dai et al. [2009]). The weighted mean
is ≈ 2.23 ± 0.1 at R200 . However, we will keep the error of ±0.05 on our
extrapolated gas density slopes similar to the slope at R500 . Therefore, the
error bars on the extrapolated gas fraction reflect only the observed uncertainty
at the baseline of R500 ; they do not reflect the uncertainty in the behavior of
αgas beyond R500 . Since our observed value of αgas at R500 is already 2.21±0.05,
this scenario amounts to no steepening to R200 . We call this the FIXED SLOPE
SCENARIO.
2. In this scenario we allow αgas to steepen. We propose that, even though the gas
density profile has been observed to be more spread out than the NFW profile,
it would be a conservative scenario to assume that the gas density profile falls at
the same trend as the NFW profile. The NFW profile steepens by 4% from 2.57
at R500 to 2.65 at R200 , and then by another 4% to 2.74 at R100 . Accordingly,
in this scenario, αgas steepens from 2.21 ± 0.05 at R500 by 4% to 2.3 ± 0.05 at
R200 and to 2.4 ± 0.05 at R100 . We call this the NFW TREND. We consider
this the most realistic scenario.
3. This is the most CONSERVATIVE SCENARIO, in which αgas follows the profile
seen in Chandra observations of Ettori and Balestra [2009], which show the most
steepening of all the observations. They observe average slope to steepen by
10% from R500 to R200 . Thus, in this scenario, αgas steepens by 10% from
2.21 ± 0.05 at R500 , to 2.4 ± 0.05 at R200 . In the next interval from R200 to R100 ,
αgas steepens by another 10% to 2.6 ± 0.05 at R100 .
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The results of FIXED SLOPE SCENARIO, where no steepening in the gas density
profile takes place, are shown in Figures 3.1 and 3.2, for R200 and Rvir . The gas
fraction at R200 is found from extrapolating the gas fraction from the observed baseline
at R500 . In general,

f

gas

RR
ρgas (r)4πr2 dr
Mgas (≤ R)
0
(r) ≡
= RR
Mtot (≤ R)
ρ(r)4πr2 dr
0

(3.1)

At large radii, however, the scaling becomes simple:

f gas (r) ≈

ρgas (R)
r−αgas
= −αm = rαm −αgas
ρ(R)
r

(3.2)

Therefore, by this simple scaling relation at large radii, we extrapolate the gas fraction
from R500 to R200 :

gas
f200

=

gas
f500



R200
R500

αm −αgas
(3.3)

The gas fraction at R100 is found similarly by extrapolating from R200 . Recall that for
the interval between R500 and R200 , the mean NFW profile slope is αm = 2.61. For
the interval between R200 and R100 , the mean NFW profile slope is αm = 2.70. αgas is
kept at 2.21 ± 0.05. From the NFW formula, R500 /R500 ≈ 0.7 and R100 /R200 ≈ 1.32.
As we noted earlier, the fact that the locations of R200 or R100 are imprecise is not
a concern, because we are interested in the behavior of the baryon fraction in the
vicinity of each radius. For example, whether the cluster reaches the cosmic baryon
fraction at 0.95 or 1.05R100 makes little difference. This effect is small compared with
the effect of varying αgas on which f gas is exponentially dependent.
The stellar fraction is assumed to stay constant at these large radii. Each mass
bin has a distinct stellar fraction which, after extrapolating the gas fractions, is added
to obtain the total baryon fraction. All calculations include an ICL contribution of
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Figure 3.1: Cluster baryon fractions extended to R200 and Rvir under FIXED SLOPE
SCENARIO, assuming fixed gas density slope = −2.21 ± 0.05. This figure is drawn
by extrapolating the gas fractions observed at R500 , and then adding a fixed stellar
fraction at all radii. Note that the data point for the highest mass bin at Rvir is a
“mock” point. The clusters are not expected to possess more than the cosmic baryon
fraction. This data point just means that the highest mass clusters reach the cosmic
baryon fraction at a radius smaller than Rvir .

49

Figure 3.2: Baryon fractions for the two richest mass bins extended to R200 and Rvir
under AVERAGE SCENARIO, assuming fixed gas density slope = −2.21±0.05. This
figure is drawn by extrapolating the gas fractions observed at R500 , and then adding
a fixed stellar fraction at all radii. The highest mass clusters reach the cosmic baryon
fraction at a radius smaller than Rvir .
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10% of the galactic stars.
This exercise of keeping the gas density slope fixed at from R500 − Rvir also serves
as a simple check to see whether it is possible to reach the cosmic baryon fraction
of 0.1675 ± 0.006 from a scenario in which the slope does NOT stay fixed (or, in
other words, steepens). A scenario with steepening of αgas will obviously yield a
lower estimate of the extrapolated baryon fraction than a scenario with fixed αgas .
If the fixed scenario fails to reach the cosmic baryon fraction at sufficiently large
radii, then we do not expect the baryon fraction to reach the cosmic value under any
steepening scenario. Figures 3.1 and 3.2 show that under this fixed slope scenario—
suggested by some observations—the richest clusters reach the cosmic baryon fraction
well before the virial radius, at ∼ R200 . The results also show that poorer clusters,
with M500 ≈ 3 × 1014 M , reach the cosmic baryon fraction at the virial radius.
Clusters with lower masses do not reach the cosmic baryon fraction at the virial
radius and might require further extrapolation.

Figure 3.3 represents the NFW TREND, i.e., gas density slope steepening to
−2.4 ± 0.05 at R100 , following the trend of the NFW profile. Figure 3.4 represents
the CONSERVATIVE SCENARIO, i.e., gas density slope steepening to −2.6 ± 0.05
at R100 to follow the observed trend suggested by Ettori and Balestra [2009]. Both
the gas fraction and the baryon fraction are shown for R200 and R100 , respectively.
Under the NFW TREND (Figure 3.3), the mean baryon fraction of the richest
clusters reaches the cosmic baryon fraction roughly midway between R200 and the
virial radius (R100 ). Poorer clusters (M500 ≈ 3 × 1014 M ) also come within 1σ of the
cosmic baryon fraction at Rvir . The least massive clusters do not reach the cosmic
baryon fraction until beyond the virial radius. At the virial radius they contain ∼
80% of the cosmic baryon fraction.
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It can seen from Figure 3.4 that even under the CONSERVATIVE SCENARIO,
where the gas density slope steepens to −2.6 ± 0.05 at R100 , the mean baryon fraction
of the massive clusters (∼ 7 × 1014 M ) reaches the cosmic baryon fraction at roughly
Rvir . Poorer clusters (∼ 3×1014 M ) reach roughly 85% of the cosmic baryon fraction
at the virial radius, and lowest mass groups reach roughly 75% of the cosmic baryon
fraction at the virial radius.
Figures 3.5 and 3.6 show the results of the NFW SCENARIO and CONSERVATIVE SCENARIO put together, for R200 and Rvir (R100 ), respectively. Figure 3.5
shows the results for R200 , and Figure 3.6 for R100 . The solid line in each plot represents the CONSERVATIVE SCENARIO in which the gas density slope αgas steepens
incrementally from 2.21 ± 0.05 at R500 to 2.6 ± 0.05 at R100 . The dashed line is the
NFW TREND which follows a similar steepening to the NFW profile, i.e., αgas steepens incrementally from 2.21 ± 0.05 at R500 to 2.4 ± 0.05 at R100 . In both scenarios αm
for the NFW profile steepens incrementally from 2.57 at R500 to 2.74 at R100 . Fixed
stellar fractions for each mass bin (Table 2.5), including the ICL (10% of galactic
stellar mass), have been added to f gas at all radii.
Figure 3.7 shows the baryon fraction as a function of radius for the CONSERVATIVE SCENARIO and NFW TREND. Only the two largest mass bins, i.e., M500 =
7.1 × 1014 M and M500 = 3.0 × 1014 M are shown.
Figure 3.7 is achieved by extrapolating the gas fraction at each interval, using
the same scaling as in Equation 3. The baryon fraction at a radius Ri is found from
extrapolating the gas fraction at a baseline radius R0 using:

f

gas

(Ri ) = f

gas


(R0 )

Ri
R0

αm −αgas
(3.4)

and then adding the stellar fraction for that mass to the gas fraction. The error
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Figure 3.3: Baryon fraction at R200 and Rvir under the NFW TREND, where the gas
density slope steepens to −2.4 ± 0.05 at R100 . The mean baryon fraction of the bin
with the richest clusters reaches the cosmic baryon fraction roughly midway between
R200 and R100 . Clusters in the next to largest mass bin (3×1014 M ) also come within
1σ of the cosmic baryon fraction at Rvir . Clusters lower than that do not reach the
cosmic baryon fraction until beyond the virial radius.
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Figure 3.4: Baryon fraction at R200 and Rvir under the CONSERVATIVE SCENARIO, where the gas density slope steepens to −2.6 ± 0.05 at R100 . Even in this
scenario, the mean baryon fraction of the bin with the richest clusters (∼ 7×1014 M )
reaches the cosmic baryon fraction at roughly Rvir . Lower mass clusters are still 1σ
or more below the cosmic baryon fraction at Rvir .
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Figure 3.5: Baryon fraction extrapolated to R200 under each of the CONSERVATIVE
SCENARIO (solid) and NFW TREND (dashed).
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Figure 3.6: Baryon fraction extrapolated to Rvir = R100 under each of the CONSERVATIVE SCENARIO (solid) and NFW TREND (dashed).
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Figure 3.7: Baryon fraction extrapolated under the CONSERVATIVE SCENARIO
and NFW TREND. Only the two largest mass bins, i.e., M500 = 7.1 × 1014 M and
M500 = 3.0 × 1014 M are shown.
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in f baryons is found from adding the errors in gas fraction and stellar fraction in
quadrature (see Equation 2.20).

3.0.1

Error Analysis

There are two sources of error in the extrapolated gas fraction at a radius Ri : the gas
density slope αgas and the gas fraction at the baseline radius, R0 . Therefore, the error
in gas fraction at R1 is found from a propagation of errors in αgas and the gas fraction
at R0 , respectively. Since the two factors multiply in Equation 3.4, their fractional
errors add in quadrature:
gas

∆f (Ri )
=
f gas (Ri )

s

∆f gas (R0 )
f gas (R0 )

2


+

∆(Ri /R0 )αm −αgas )
(Ri /R0 )αm −αgas

2
(3.5)

We assume that there is no error in the NFW slope—since there is an analytical
formula for it—nor in the values of R500 , R200 and Rvir .
The uncertainty in (Ri /R0 )αm −αgas can be calculated using the following formula
for exponential error propagation (found in any statistics textbook). If

Z = An ,

(3.6)

then

∆Z =

δZ
δn



∆n = An ln A∆n.

(3.7)

Therefore,

∆(Ri /R0 )αm −αgas = (Ri /R0 )αm −αgas ln(Ri /R0 )∆(αm − αgas )
where ∆(αm − αgas ) = ∆αgas = 0.05.
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(3.8)

3.0.2

Summary of Results

Our analysis shows that the baryon fraction in clusters increases beyond R500 for all
cluster masses. The most massive clusters (M500 ∼ 7 × 1014 M ) reach the cosmic
baryon fraction typically at Rvir ± 20%. The less massive clusters and groups reach
roughly 75–85% of the cosmic baryon fraction at the virial radius. It would probably
require further extrapolation to see all the baryons in poor clusters.
Table 3.1: Extrapolated
αgas,100 = 2.2
R500 0.123 ± 0.007
R200 0.142 ± 0.008
Rvir 0.162 ± 0.009

Gas Fraction of
αgas,100 = 2.4
0.123 ± 0.007
0.139 ± 0.008
0.154 ± 0.009

Massive Clusters
αgas,100 = 2.6
0.123 ± 0.007
0.136 ± 0.008
0.143 ± 0.008

The values of the baryon fraction of the most massive clusters (M500 ≈ 7 × 1014 M ),
at R500 , R200 and R100 , under three scenarios of extrapolation: from left, the Fixed
Slope Scenario where αgas remains fixed at 2.2 up to the virial radius; the NFW Trend
where αgas steepens to 2.4 at Rvir ; and the Conservative Scenario where αgas steepens
to 2.6 at Rvir .

Table 3.2: Extrapolated Baryon Fraction
αgas,100 = 2.2 αgas,100 = 2.4
R500 0.143 ± 0.007 0.143 ± 0.007
R200 0.163 ± 0.009 0.160 ± 0.007
Rvir 0.183 ± 0.010 0.175 ± 0.007

of Massive Clusters
αgas,100 = 2.6
0.143 ± 0.007
0.157 ± 0.007
0.164 ± 0.007

The values of the gas fraction of the most massive clusters (M500 ≈ 7 × 1014 M ),
at R500 , R200 and R100 under three scenarios of extrapolation: from left, the Fixed
Slope Scenario where αgas remains fixed at 2.2 up to the virial radius; the NFW Trend
where αgas steepens to 2.4 at Rvir ; and the Conservative Scenario where αgas steepens
to 2.6 at Rvir . This just represents Figure 3.0.2 with a constant stellar fraction of
0.021±0.002 added at each radius (Giodini et al. [2009]). This includes ICL, assumed
to be 10% of the stellar fraction.
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Figure 3.8: Baryon fraction extrapolated under the NFW TREND scenario, where
the gas density slope follows the relative steepening of the NFW slope, and which we
consider to be the most realistic scenario. αgas steepens from 2.21 ± 0.05 at R500 to
2.4 ± 0.05 at Rvir . Only the largest mass range M500 = 7.1 × 1014 M is shown.
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Figure 3.9: Baryon fraction extrapolated to Rvir = R100 under the NFW TREND
scenario, where the gas density slope follows the relative steepening of the NFW
slope. αgas steepens from 2.21 ± 0.05 at R500 to 2.4 ± 0.05 at Rvir .
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Chapter 4
Discussion of Results
In this chapter we will discuss some of the assumptions and caveats that underlie our
analysis. Then, with a fuller understanding of our results, we will discuss to what
extent the current theories of the dynamics of intracluster gas explain our results.
First, we assumed that both the NFW profile and the gas density profile smoothly
continue their observed profile to Rvir . In particular, we used several observations
at R200 (Plagge et al. [2009], Ettori and Balestra [2009], Dai et al. [2009]), and we
assumed that the trends observed at R200 would continue from R200 to Rvir . If cluster
gas density profiles show discontinuous behavior for whatever reason beyond R200 ,
our analysis will need modification. For example, if there is an abrupt, steep decline
in the gas density at any radius beyond R500 , the cluster may reach the cosmic baryon
fraction either farther beyond Rvir or not at all. (For example, see Dai et al. [2009]
(Figure 2.4) who report a sudden, sharp fall in X-ray surface brightness at about
R200 for their richest stacked clusters.) On the other hand, if the gas density slope
becomes flatter beyond R200 , then the cluster might reach the cosmic baryon fraction
at a smaller radius than we predict. (For example, see the very shallow, ∼ r−2 gas
density profile reported by George et al. [2009] to Rvir .)
Another implicit assumption in our analysis is that the gas density profile is
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roughly the same for the full cluster mass range of our sample. We derived the
value of the β parameter from observations of massive clusters and applied them to
the full sample. Observations of the gas density slope in groups are few (Dai et al.
[2009], Vikhlinin et al. [2006]) and in general appear to indicate shallower slopes in
groups (αgas ∼ 1.8 at ∼ R200 ) than in massive clusters. If so, then f gas in groups
would rise faster per unit radius than in rich clusters, and the baryon fraction as a
function of mass at virial radius would be flatter than in our analysis. Much work
needs to be done and better resolution in imaging is needed so that the contents of
groups at large radii can be understood better.
Another parameter which could potentially vary is the concentration parameter.
We took the mean value of c200 from weak lensing measurements by Mandelbaum et al.
[2008], which was about 5 for our mass range (see Figure 2.1). As Mandelbaum et al.
[2008] discuss in their paper, this value is slightly lower than results from simulations
and some previous studies. If c200 was higher than 5, the clusters would be more
concentrated. The NFW profile would then fall off more sharply relative to the gas
density profile, causing the gas fraction to rise even further per unit of radius than for
c200 = 5. The effect is small, however, and a change of c200 to 7 induces a change in
baryon fraction of merely 5%. In addition, the NFW TREND scenario of our analysis
assumes that the gas density profile follows the same trend of steepening as the NFW
beyond R500 , in which case the effects will nearly cancel out.
Another possible source of error is inconsistency in the methods of total mass
calculation across observations. To find stellar fraction, Giodini et al. [2009] use weak
lensing to calculate total mass of their sample of COSMOS clusters. Lin et al. [2003]
use an M − TX relation based on weak lensing (Pratt et al. [2009]) to estimate total
mass. However, to find the gas fraction, Vikhlinin et al. [2006], Arnaud et al. [2007]
and Sun et al. [2009], use the assumption of hydrostatic equilibrium to calculate total
mass. Hydrostatic equilibrium assumes that gravity in clusters is balanced by thermal
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pressure. This allows us to estimate total gravitational mass from X-ray data, since
X-ray data yields a measure of total thermal pressure in a cluster (temperature times
gas density). However, this method may lead to an underestimate of mass, since
non-thermal pressure may also contribute to balancing gravity. Nagai et al. [2007]
estimate from simulations that for high mass clusters, the assumption of hydrostatic
equilibrium led to a 10% underestimate of total mass. In the case of groups, the
discrepancy could be as large as 45%. If mass has been underestimated, it follows
that gas fraction has been overestimated. Consistent methods of total mass detection
need to be used for observations of gas and stellar fraction.
We have four sets of observations for the stellar fraction in clusters, and they
are significantly discepant. We expressed in Section 2.3 our concerns about putting
together data from COSMOS (Giodini et al. [2009]) and 2MASS (Lin et al. [2003])
on the same plot. Each sample covers a mass range of only one order of magnitude:
COSMOS clusters range from 1013 − 1014 M , and 2MASS clusters range from 1014 −
1015 M . Individually, each mass range is too small to exhibit a reliable correlation
of f stars with M500 . We must put the two together. But the two sources use different
methods to calculate the total mass of their clusters: Giodini et al. [2009] use weak
lensing whereas Lin et al. [2003] use the M − TX scaling relations found from weak
lensing (Pratt et al. [2009]). It is possible that there is a systematic discrepancy
between the two methods. Each sample, taken by itself, shows a weak trend with
mass with a large scatter. Combined by Giodini et al. [2009], the trend becomes
steeper with a smaller error bar, but this could be caused by a slight shift of one of
the two samples. One the other hand, there is considerable overlap in the two samples
which is reassuring.
The other observations for stellar fraction differ slightly from the results above.
Gonzalez et al. [2007] observe a slightly steeper trend of f stars with M500 than Giodini
et al. [2009] and Lin et al. [2003]. This might be because their sample is biased towards
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groups and clusters with large brightest cluster galaxies (BCG). Andreon [2010] find
total mass from caustic analysis which may be less accurate than lensing. However,
while the stellar fraction versus mass relations differ somewhat among observations,
their contribution to total baryon fraction is small and will not cause major changes
on our main conclusions. For example, a steeper stellar fraction would add stars to
low mass clusters and reduce their discrepancy from the cosmic baryon fraction at the
virial radius, but not by a significant amount. Similarly, if we use a larger contribution
of the ICL—say, 20%, the upper bound reported by Zibetti [2008]—then the baryon
fraction would rise everywhere by roughly 1%.

Why is the baryon fraction lower than the cosmic value for all masses at R500 ,
and in low masses even at R100 ? As we mentioned in the introduction, this suggests
heating of the intracluster gas which causes the gas to expand to radii larger than
R500 . A few mechanisms are gravitational shock-heating, energy transfer from dark
matter, star formation, AGN and supernovae, and possibly other, less understood
phenomena such as thermal evaporation and pre-heating.
The fundamental fact is that accretion of gas from large scales inward results
in shock-heating which causes gas to heat up and expand to outer radii. The dark
matter, being collisionless, does not get shock-heated (Takizawa and Mineshige [1998]
and references therein). This effect results in an ICM profile more spread-out than
the dark matter profile, as has been seen in observations. It implies that even if there
were no star formation nor any energy input, we might still fail to see all the gas at
R500 .
Another factor which contributes to gas depletion in virialized structures is the
transfer of energy from dark matter to gas during mergers. Dark matter can lose
up to 10% of its energy in an equal mass collision; McCarthy et al. [2007] show that
even a 10:1 mergers causes the dark matter to lose a couple of percent of its energy
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to gas. This should cause the gas to expand to outer radii. Simulations show that
such mergers are common: Cohn and White [2005] calculate that a typical cluster
will undergo four 5:1 accretion events since z ∼ 2, and Fakhouri and Ma [2008] show
that the mean rate for 10:1 or larger mergers in clusters has been roughly two per
halo per unit redshift. Simulations have estimated the magnitude of this effect. For
simulations with no star formation or radiative processes, Crain et al. [2007] find that
the average baryon fraction within R200 is 90% of the cosmic mean at z = 0, probably
due to this effect.
However, all these processes are scale-free, i.e., should affect low and high mass
systems to the same degree. Any explanation of our results must address the question
of why the baryon fraction is lower in groups than in clusters. One part of the
answer is, of course, that small groups are unable to retain hot gas because of their
smaller gravitational potential wells. However, if the heating was simply because of
gravitational infall (shock-heating), then lower mass systems, being small, should have
less of it than higher mass systems. Thus the fraction of gas which gravitationally
heats up and expands should be the same for all masses. There seem to be sources of
additional energy which cause the gas to be kicked out preferentially from low-mass
clusters, and cause the baryon fraction to be scale-dependent.
Another way of putting the question is the following. It seems as if the variation of
gas fraction—from low in groups to high in clusters—does not fully complement the
variation of stellar fraction—from high in groups to low in clusters. One would guess
that if star formation is more efficient in lower mass systems than in rich clusters(Lin
et al. [2003], Giodini et al. [2009], Gonzalez et al. [2007], Andreon [2010]), there is
less gas left in the lower mass systems than in rich clusters, and thus the total should
be roughly constant across the full mass range. However, the total baryon fraction
as a function of halo mass, even at R500 , is not flat, allowing for the possibility of
additional energy inputs.
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Star formation removes the most bound gas with the lowest cooling times, leaving
behind gas with a higher mean entropy than before (Voit and Bryan [2001], Tozzi and
Norman [2001], Voit et al. [2002]). This gas is less gravitationally bound and more
susceptible to escape. This can be seen in simulations: if, for example, 10% of gas
is made to form stars, the resulting decrease in gas fraction is more than 10% (Bode
et al. [2009]). By this effect, if star formation is more common in low mass systems,
this would cause a bigger fraction of the remaining gas to escape from the groups
than from the clusters. This is one possible explanation of the scale-dependence of
the baryon fraction.
Another source of non-gravitational energy in clusters is heating by galactic AGN
and supernovae (Cavaliere and Fusco-Femiano [1978], Metzler and Evrard [1994],
Valdarnini [2003], Sijacki et al. [2008], and references therein). This energy input can
be made scale-dependent under the reasonable assumption that the greater the stellar
mass in galaxies, the larger the number of supernovae and AGN. Then, since stellar
fraction in groups is higher than in clusters, the energy input from supernovae and
AGN will be fractionally larger in groups than in clusters, causing a greater fraction
of gas to heat up and expand outward in groups than in clusters.
Note that there is a degeneracy in these two effects. Not only do they both work
in the same direction, but both depend on the exact scaling of the stellar fraction
with mass. Simulations have been done to test whether these effects together can
explain the trend in baryon fraction. When Nagai et al. [2007] try to match their
simulated clusters to the Chandra observations of gas fraction (Vikhlinin et al. [2006],
Sun et al. [2009]), they find that in order to match the observed scaling of gas fraction
with radius, they must make many more stars than have been observed in clusters.
This is known as the “overcooling problem”.
However, the observations we have used in our analysis are not the same as those
used by Nagai et al. [2007]. We used XMM-Newton observations as well as Chandra
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Figure 4.1: The comparison of our results using the NFW Trend scenario at R500 , R200
and Rvir (black data points) with the predictions of Bode et al. [2009]’s simulations.
Green points represent stellar fraction, blue points represent gas fraction, and red
points represent total baryon fraction. Bold points are massive simulated clusters
for better visibility. There is good agreement between observations and simulations
for low mass clusters. But massive clusters are observed to possess more gas than
expected from simulations even at R500 .
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Figure 4.2: The comparison of our results using the Conservative Scenario at R500 ,
R200 and Rvir (black data points) with the predictions of Bode et al. [2009]’s simulations. Green points represent stellar fraction, blue points represent gas fraction, and
red points represent total baryon fraction. Bold points are massive simulated clusters
for better visibility. There is good agreement between observations and simulations
for low mass clusters. But massive clusters are observed to possess more gas than
expected from simulations even at R500 . In general this scenario fits better than the
NFW Trend.
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to constrain gas fraction, and we used COSMOS and 2MASS data of Lin et al.
[2003] and Giodini et al. [2009] to constrain the stellar fraction. To test whether
the above mechanisms can explain our observations, we compared our results with
Bode et al. [2009]’s model for cluster formation. In this model, clusters start with
the cosmic baryon fraction, undergo gravitational shock-heating, energy transfer from
dark matter to baryons, and galaxy formation. The model takes the stellar fraction
versus mass scaling relation as an input parameter. We input the stellar fraction
scaling relation obtained from the combined samples of Lin et al. [2003] and Giodini
et al. [2009]:

stars
f500

=

5.5+0.1
−0.1

−2



× 10

M500
5 × 1013 M

−0.37±0.04
(4.1)

The model includes the effects of energy feedback from star formation, AGN and
supernovae, non-thermal pressure (such as bulk motion), and a 5% transfer of binding
energy from dark matter to baryonic matter during structure formation. Of these
effects, star formation and feedback can be scale-dependent.
The result of the comparison was Figures 4.1 and 4.2, corresponding to two of our
two extrapolations scenarios. With the given stellar fraction, the predictions of the
model for gas fraction and baryon fraction fit well with low mass clusters and groups.
However, for the highest mass clusters, observations show a significantly higher gas
and baryon fraction than simulations predict even at R500 (top panel). The lower two
panels show the comparison of our extrapolated baryon fraction with the predictions
from Bode et al. [2009]’s simulations at R200 and Rvir , respectively. The discrepancy
grows at larger radii. We did not even need to include feedback from AGN and SNe for
this exercise; the star formation was high enough to lower the gas fraction to observed
values in all cases but the richest clusters. Additional energy input, especially if it
scales with mass, would deplete the gas in low mass clusters more than in the rich
clusters. It would not raise the baryon fraction in rich clusters, which is the source
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of disagreement. It seems that the high mass clusters retain more gas than expected
in these models. Either energy sources are fewer than expected in large clusters, or
they have a way of resisting extra energy input, or the observations overestimate the
gas fraction for the richest clusters.
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Chapter 5
Comparison with Previous
Findings
One motivation for this paper is the claim made by previous observations that the
baryon (or gas) gas fraction in clusters was well below the cosmic baryon fraction. We
compare these observations with our results for the richest clusters; our results suggest
that massive clusters reach the cosmic baryon fraction in the range of R200 − Rvir .
This will indicate whether our extrapolation using the observed slopes agrees with
observations of gas fraction at R200 , and whether or not we have a “missing baryon”
problem.
For comparison with the cosmic baryon fraction, we present all observations in
terms of baryon rather than gas fraction, i.e., we add the stellar contribution as
observed in Section 2.3. In Figure 5.1 we show the gas fractions observed with Suzaku
and AMiBA (George et al. [2009], Umetsu et al. [2009]), for M500 ∼ 7 × 1014 M
clusters, and add the stellar fraction observed for this range as derived from COSMOS
and 2MASS data (0.021 ± 0.002 from Giodini et al. [2009], Lin et al. [2003]). The
scenario used is NFW Trend, which we consider to be our most realistic scenario
(i.e., the gas density profile slope steepens slightly beyond R500 in a similar relative
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trend to the NFW profile).
Figure 5.1 shows that the gas fractions from Suzaku and AMiBA, when corrected
for the stellar (and ICL) fraction (filled points), fit nicely with our extrapolated baryon
fraction (shaded band), well within 1σ. This suggests that these clusters should reach
the cosmic baryon fraction when observed to nearly the virial radius. The Chandra
and XMM-Newton observations at R500 (Vikhlinin et al. [2006], Arnaud et al. [2007])
are also shown, which form baseline gas fraction at R500 .
We also compare our extrapolated baryon fraction with the WMAP 5-year results
as analyzed by Afshordi et al. [2007], who claimed strong deficiency of baryons in
clusters. The mass range of the cluster sample used by Afshordi et al. [2007] is lower
than the mass range of Figure 5.1. So in Figure 5.2 we show the baryon fraction for a
lower mass range, M500 ∼ 3 × 1014 M , which is more comparable with Afshordi et al.
[2007]’s sample. The figure shows good agreement between our extrapolated baryon
fraction (shaded band) and the baryon fraction derived from WMAP (red diamonds).
The relevant stellar fraction has been added for this mass range (0.023 ± 0.002 from
Giodini et al. [2009], Lin et al. [2003]). The baryon fraction for this mass range
reaches the cosmic baryon fraction at slightly beyond Rvir . At R200 , the discrepancy
in (∼ 15%) is much smaller than that reported by Afshordi et al. [2007] (35–40%).
SZ-decrements from WMAP 7-year results have been recently analyzed by Komatsu et al. [2010]. They fit the SZ measurements of clusters to ‘KS’ profiles (Komatsu and Seljak [2001]) which are similar to the universal mass density profile of
NFW, and thus assume hydrostatic equilibrium. Fitting to KS profiles, Komatsu
et al. [2010] find that the SZ signal from the stacked cluster sample is 0.5–0.7 times
gas
the results of X-ray observations, and f500
≈ 0.125, showing no clear dependence on

total mass.
One reason for the systematically lower gas fraction resulting from KS profilefitting than from X-ray observations could be the assumption of hydrostatic equi-
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Figure 5.1: Comparison of extrapolated baryon fraction for M500 ∼ 7 × 1014 M , with
observations from Suzaku and AMiBA (George et al. [2009] and Umetsu et al. [2009],
respectively). The gas fractions from Suzaku and AMiBA, when corrected for the
stellar fraction (filled points) (Giodini et al. [2009], Lin et al. [2003]) fit nicely with
our extrapolated baryon fraction (shaded band), well within 1σ. The Chandra and
XMM-Newton observations at R500 (Vikhlinin et al. [2006], Arnaud et al. [2007]) are
also shown, which are the basis for our baseline gas fraction at R500 .
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Figure 5.2: Comparison of extrapolated baryon fraction for M500 ∼ 3 × 1014 M ,
with observations from WMAP (Afshordi et al. [2007]). The gas fraction (empty
points) from WMAP when corrected for the stellar fraction (filled points) (Giodini et al. [2009], Lin et al. [2003]) fits nicely with our extrapolated baryon fraction
(shaded band), well within 1σ. The Chandra and XMM-Newton observations at R500
(Vikhlinin et al. [2006], Arnaud et al. [2007]) are also shown, which are the basis for
our baseline gas fraction at R500 .
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librium at outer radii. X-ray observations, which observe gas more directly than
SZ-observations, show that gas profiles are more spread out than total mass profiles
in clusters. We outlined various mechanisms which can cause such disruption of hydrostatic equilibrium at large radii. So a correct model for the gas density profile
must allow for the gas to become slightly separated from the total matter profile.
Another reason for Komatsu et al. [2010]’s underestimation of the gas fraction
could be an overestimation of the gas temperature at large radii. The SZ signal
measures thermal pressure which is the product of gas density and temperature. The
temperature profile may be the key to bridging the discrepancy between SZ and X-ray
profiles.
Cluster temperature profiles have been observed in a number of studies to R200
or beyond, using Suzaku (George et al. [2009], Reiprich et al. [2009], Hoshino et al.
[2010], Bautz et al. [2009]). George et al. [2009] observe the cluster PKS 0745-191
to nearly R100 . Excluding the core, they fit a power-law to the temperature decline:
T ∝ rαT , where αT = −0.94 ± 0.06. Bautz et al. [2009] observe the cluster Abell 1795
to close to R200 =200Mpc. They fit a power law to the temperature profile and find
αT = 0.9±0.3, where the error is given at 90% confidence level. Vikhlinin et al. [2005]
give temperature profiles for 13 clusters to R500 from Chandra data. A weighted mean
of their temperature profile slopes is αT = 0.45±0.05. Reiprich et al. [2009] determine
the temperature profile of Abell 2204 to R200 with Suzaku. The temperature rises
steely near the center to ∼ 8keV and then drops to ∼ 4keV at R200 . The drop is
by a factor of 0.6 from 0.3r200 to R200 , or roughly ∝ r−1 . All together, observations
indicate a power law index of the temperature profile between -0.4 and -1.0 at R200 .
These and other measurements could be used to achieve better agreement between
SZ decrements and X-ray measurements of the gas density profile.
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Chapter 6
Conclusions
In this paper we address previous claims that clusters have a significant baryon deficiency with respect to the cosmic value of the baryon fraction. We use observations
to extrapolate the observations of baryon fraction at R500 to the virial radius (R100 ).
We conclude that the baryon fraction in clusters rises at radii beyond R500 for all
cluster masses. The baryon fraction in massive clusters (M500 ∼ 7 × 1014 M ) reaches
the cosmic value at Rvir ± 20%. The less massive clusters typically reach 75–85% of
the cosmic baryon fraction at the virial radius. Variation in ICL or the relation of
stellar fraction versus mass does not change our results significantly. We conclude
that the baryon deficiency in clusters is less acute than previously described. We identify gravitational shock-heating, energy feedback from star formation, SNe and AGN,
and energy transfer from dark matter as likely causes of the expansion of intracluster
gas to large radii, whereas variation in star formation efficiency is a possible cause
of variation of baryon fraction with mass. Comparisons with simulations show that
these energetic mechanisms are able to explain our observations of baryon fraction
in low-mass clusters. But simulations underpredict the baryon fraction for massive
clusters. It remains unclear what mechanisms can raise the expected value of the
baryon fraction in massive clusters to match observations.
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