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Galaxy Cluster Primer
Most massive collapsed objects,  

formed at z < 2
Characteristics:

R ~ 1-3 Mpc (1025 cm), collapsed from  
~10 Mpc region  
(1 Mpc = [9, 5, 3, 2]’ at z = [0.1, 0.2, 0.5, 1])

M ~ 1014 M⊙ to few x 1015 M⊙, mostly dark  
matter, follows generalized Navarro, Frenk, 
 White (NFW) profile

Hot baryonic plasma ~ 15-20% of mass
T ~ 108 K = few keV
LX = 1043-1045 erg/sec
density = 0.001- 0.1/cm3

sound crossing time ~ 0.5 Gyr << age → close to hydrostatic equilibrium
gas somewhere between isothermal (P ∝ ρ) and adiabatic (P ∝ ρ5/3)

thermal conduction substantial but not perfect
metallicity ~ 1/3-1/2 solar

10s to 100s of galaxies, ~2-3% of mass

magnetic field ~ 1 µG

Observable in O/IR via detection of member galaxies

Lensing of background galaxies in O/IR maps dark matter
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green: HST image
blue: lensing mass

red: Chandra X-ray
white, yellow: SZ

Crosses: centroids  
for X-ray, SZ, and BCG
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Intracluster medium “emission” mechanisms:
X-ray emission from thermal bremsstrahlung 

 
 
 
 

Thermal Sunyaev-Zeldovich (tSZ) effect:  
Compton scattering of CMB photons

Relativistic SZ (rSZ) effect: 
dependence of f on Te

Kinetic SZ (kSZ) effect:  
Compton scattering due to Doppler shift  
(line-of-sight peculiar velocity)

Observing Clusters with SZE and X-ray

• X-ray observations have been used to
study the ICM

– X-ray signal ! n2
eT

1/2
e

(1+z)4

– X-ray spectra needed to solve for Te

– di!cult to study high-z clusters because of
1/(1 + z)4 redshift dependence of signal

– di!cult to study outer regions of cluster
because of n2

e dependence of signal

• combine X-ray and SZE
– SZE ! neTe

– break degeneracy between ne and Te

– reduce amount of X-ray data needed "

allow studies at higher z and larger radii

Texas in Vancouver December 8, 2008 Jack Sayers

Galaxy Cluster Primer
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for the 38 clusters lie within the envelope of the 21 clusters ob-
served by BeppoSAX (see Figs. 3 and 4 and Table 2 of De Grandi
& Molendi 2002). The radial temperature profile data for all
clusters, including the temperature, the background-subtracted
counts, and the !2, are reported in Appendix C (Table 7). Metal
abundances of the hot cluster plasma have a marginal effect on
the X-ray cooling function (see x 3). We assume the De Grandi
et al. (2004) abundance profile in our analysis, which is consis-
tent with our measured abundances.

3. MEASURING DISTANCES WITH X-RAY
AND SUNYAEV-ZEL’DOVICH EFFECT DATA

3.1. The Hydrostatic Equilibrium Model

To determine the distance to a cluster, we must first construct
a realistic model for the cluster gas distribution. At the center
of clusters the density may be high enough that the radiative
cooling timescale is less than the cluster’s age, leading to a re-
duction in temperature and an increase in central density. This
increases the central X-ray emissivity in theChandra passband,
as shown in Figure 1 for the clusters RXJ 1347.5!1145andAbell
1835. At large radii, the density of the gas is sufficiently low that
X-ray emission can be sustained for cosmological periods with-
out significant cooling. Cool core clusters effectively exhibit
two components: a centrally concentrated gas peak and a broad,
shallower distribution of the gas. This phenomenon motivates
the modeling of the gas density with a function of the form:

ne(r) " ne0 f 1# r 2

r 2c1

! "!3"=2

# (1! f ) 1# r 2

r 2c2

! "!3"=2
" #

: $1%

This shape generalizes the single "-model profile, introduced
by Cavaliere & Fusco-Femiano (1976) and commonly used to
fit X-ray surface brightness profiles, to a double "-model of the
density that has the freedom of following both the central spike
in density and the gentler outer distribution. A double "-model
of the surface brightness was first used by Mohr et al. (1999) to
fit X-ray data of galaxy clusters; the density model of equation (1)
was further developed by LaRoque (2005). The quantity ne0 is
the central density, f governs the fractional contributions of the
narrow and broad components (0& f &1), rc1 and rc2 are the
two core radii that describe the shape of the inner and outer por-
tions of the density distribution, respectively, and" determines the
slope at large radii (the same " is used for both the central and
outer distribution in order to reduce the total number of degrees of
freedom).

The X-ray surface brightness is related to the gas density as

SX"
1

4#(1# z)4

Z
n2e!ee dl; $2%

where z is the cluster redshift, ne is the electron density of the
plasma (eq. [1]), !ee is the X-ray cooling function, and the in-
tegration is performed along the line of sight l. We calculate!ee

as a function of plasma temperature and energy in the rest frame
of the cluster, including contributions from relativistic electron-ion
thermal bremsstrahlung, electron-electron thermal bremsstrahlung,
recombination, and two-photon processes; the cooling function
is then redshifted to the detector frame, convolved with the tele-
scope and detector response, and integrated over the 0.7Y7 keV
Chandra bandpass, following the method described in Reese
et al. (2000). The calculation of!ee requires a temperature profile

in order to perform the integration, which we determine from our
Chandra data (Fig. 2). The appropriate response for each image
was generated from CIAO.

The SZE decrement is proportional to the integrated gas pres-
sure as

"TCMB" f(x;Te)TCMB

Z
$Tne

kBTe
mec2

dl; $3%

where f(x;Te) is the frequency dependence of the SZE (x "
h%/kBTCMB and f(x;Te) ’ !2 at our observing frequency of
30 GHz), TCMB " 2:728 K (Fixsen et al. 1996), $T is the Thomson
cross section, kB is the Boltzmann constant, c is the speed of
light in vacuum, me is the electron mass, Te is the electron tem-
perature, and the integration is along the line of sight.
Historically, the cluster distance has been solved for directly

by taking advantage of the different density dependences of the
X-ray emission and SZE decrement (e.g., Hughes et al. 1991;
Reese et al. 2002; Bonamente et al. 2004):

SX /
Z

n2e!ee dl "
Z

n2e!eeDA d&;

"TCMB /
Z

neTe dl "
Z

neTeDA d&: $4%

The details of the plasma modeling, such as the numerical inte-
gration of the density profile, are included in the proportionality
constants of equation (4). The cluster angular diameter distance
DA ' dl/d&, where & is the line-of-sight angular size, can be in-
ferred with a joint analysis of SZE and X-ray data by assuming a
cluster geometry to relate the measured angular size in the plane
of the sky to that along the line of sight. For our adopted spherical
geometry, these two sizes are equal.

Our model includes the distribution of dark matter in clusters.
The baryonic matter reaches hydrostatic equilibrium in the po-
tential well defined by the baryonic and dark matter components,
on a timescale that is shorter than the cluster’s age (Sarazin 1988).
Under spherical symmetry, this results in the condition

dP

dr
" !'g

d(

dr
; $5%

where P is the gas pressure, 'g is the gas density, and ( "
!GM (r)/r is the gravitational potential due to both dark matter
and the plasma. Using the ideal gas equation of state for the
diffuse cluster plasma, P" 'gkBT /)mp, where ) is the mean mo-
lecular weight and mp is the proton mass, one obtains a rela-
tionship between the cluster temperature and the cluster mass
distribution:

dT

dr
" ! )mp

kB

d(

dr
# T

'g

d'g
dr

! "
"! )mp

kB

GM

r 2
# T

'g

d'g
dr

! "
:

$6%

We combine these hydrostatic equilibrium equations with a
dark matter density distribution from Navarro et al. (1997):

'DM(r)" N
1

(r=rs)(1# r=rs)
2

# $
; $7%

where N is a density normalization constant and rs is a scale
radius. These model equations are combined with the X-ray and
SZE data using a MCMC method, described in x 3.2.
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We combine these hydrostatic equilibrium equations with a
dark matter density distribution from Navarro et al. (1997):
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where N is a density normalization constant and rs is a scale
radius. These model equations are combined with the X-ray and
SZE data using a MCMC method, described in x 3.2.
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Λee = cooling function ∝ Te1/2

σT = Thomson cross-section

Note the different  
dependences on  

ne and Te !
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Self-Similar, Universal Cluster Model

Assume gravity dominates, not baryonic physics
A spherical overdensity breaks away from expansion, collapses, and virializes; 

density at virialization is cosmology-dependent ∆υ ≈ 180.  Defines virial radius 
(“edge of cluster”), total mass Mtot

Assume isothermality of gas (virialization to logical extreme) in non-singular 
isothermal sphere with gas temperature related to galaxy velocities

Require hydrostatic equilibrium (gas pressure provides support against gravity): 
relates total mass sourcing gravity to gas temperature and density profile
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2003), and all cluster X-ray properties are derived using data from
the Chandra X-ray Observatory. Finally, our Chandra observa-
tions have an order of magnitude better spatial resolution than
the X-ray data used in previous studies, which greatly improves
our ability to identify and exclude compact foreground sources
that are superimposed on the cluster X-ray emission.

Throughout the paper, we assume a !CDM cosmology with
"M ! 0:3, "! ! 0:7, and h ! 0:7, where h is defined such that
H0 ! 100 h km s"1 Mpc"1. All uncertainties are at the 68.3%
confidence level.

2. THEORY OF CLUSTER SCALING RELATIONS

2.1. The Virial Radius and r2500

In order to establish relationships between mass, SZE flux, and
other cluster properties, one needs to define a radius out to which
all quantities will be calculated. This radius should be physically
motivated, reachable with the current X-ray and SZE observations,
and equivalent for clusters of different redshift. One candidate is
the virial radius. In a Friedman-Robertson-Walker universe, an
unperturbed spherical region expands indefinitely, while a per-
turbed overdense region (the seed of a future cluster) eventually
recollapses. When the overdense region collapses under the effect
of its own gravity, it is assumed to reach virial equilibrium when
the radius is half of that at maximum expansion (Peebles 1980;
Lacey & Cole 1993). The ratio of the mean cluster density to the
background density at the time of virialization is# v ! 18!2 for
a universe with critical matter density ("M ! 1). For a different
cosmology with "k ! 0, Bryan & Norman (1998) showed that
#v ’ 18!2 # 82x" 39x2, where x ! "M0(1# z)3 /E2(z) and
E2(z) ! "M0(1# z)3 # "! # "k0(1# z)2, as found from a fit to
numerical simulations (Lacey & Cole 1993).

With this characterization of the mean cluster density at time
of virialization, the virial radius can be determined as the radius
within which the average density of the cluster is #v times the
critical density, via

4

3
!"c(z)# v(z)r

3
vir ! Mtot r# v(z)

h i
; $1%

in which both "c(z) and#v(z) are cosmology dependent, and the
critical density "c(z) is defined as

"c(z) !
3H 2

0 E(z)
2

8!G
: $2%

Unfortunately, the virial radius is usually unreachable with cur-
rent X-ray and SZE measurements, and one is forced to perform
measurements out to a smaller radius. Such a radius (r#) is char-
acterized by the density contrast parameter# in place of #v(z)
in equation (1), and it corresponds to a higher average density,
4/3$ %!"c(z)#r 3# !Mtot(r#). We choose a contrast parameter# !
2500, corresponding to an average density of 2500 times the
critical density at the cluster’s redshift. This choice is motivated
by the fact that this is the radius typically reachable with our SZE
and X-ray data without any extrapolation of the models (B2006;
L2006).7

2.2. Scaling Relations

The hierarchical structure formation theory developed byKaiser
(1986) predicts simple relationships between physical parameters
of collapsed structures, known as scaling relations. With the as-
sumptions of hydrostatic equilibrium and of an isothermal dis-
tribution for both the dark matter and the cluster gas (e.g., Bryan
&Norman 1998), it can be shown that there is a simple relation-
ship between a cluster’s total mass and its gas temperature Te:

Te / M
2=3
tot E(z)

2=3; $3%

where themass is calculated out to a radius of mean overdensity#,
Mtot ! Mtot(r#). For fgas & Mgas /Mtot, [Mgas ! Mgas(r#)], the ex-
pected relationship between the gas mass within r# and the gas
temperature is

Te f
2=3
gas / M 2=3

gas E(z)
2=3: $4%

The Compton y-parameter is a measure of the pressure in-
tegrated along the line of sight:

y !
Z 1

0

#Tne
kBTe
mec2

dl; $5%

One can further integrate the y-parameter over the solid angle"
subtended by the cluster, to obtain the integrated Compton
y-parameter:

Y &
Z

"
y d" ! 1

D2
A

kB#T

mec2

! "Z 1

0

dl

Z

A

neTe dA; $6%

where A is the area of the cluster in the plane of the sky. In the
context of an isothermal model, Y is proportional to the integral
of the electron density ne over a cylindrical volume; thus,

YD2
A / Te

Z
ne dV ! MgasTe ! fgasMtotTe: $7%

In x 5we consider the effect of integrating gasmasswithin a spher-
ical volume while determining Y in a cylinder. Using equation (3)
we can rewrite equation (7) in terms of either Mtot or Te, or
substitute Mgas /fgas for Mtot , to obtain

YD2
A / fgasT

5=2
e E(z)"1;

YD2
A / fgasM

5=3
tot E(z)

2=3;

YD2
A / f "2=3

gas M 5=3
gas E(z)

2=3: $8%

Equation (8) describes the scaling relations that we investigate
observationally in this paper.

3. SZE AND CHANDRA X-RAY OBSERVATIONS
OF GALAXY CLUSTERS

3.1. Data

We analyze the SZE and X-ray data observations of 38 clusters
in the redshift range z ! 0:14Y0:89, observed with the Berkeley-
Illinois-Maryland Array (BIMA) and Owens Valley Radio Ob-
servatory (OVRO) interferometric arrays and with the Chandra
X-ray imaging spectrometers. Both data modeling with the iso-
thermal $-model and the data themselves are presented in B2006
and L2006, the previous two papers in this series. We refer to
L2006 for details on the observations and data modeling and to

7 The use of a constant overdensity factor # was shown by Maughan et al.
(2006) to give results similar to the case of a variable overdensity factor#(z) !
#(0)'#v(z)/#v(0)(, in which the variable overdensity scaleswith redshift in order
to keep the ratio of two comoving densities constant.

SZE SCALING RELATIONS 107

ρc(z) = critical density at redshift z
        ∝

σ = 1D galaxy velocity dispersion
Te = gas (electron) temperature
β = 1 for ideal gas in equipartition, no gravity
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arguments may only identify a scaling property between quantities without specifying a normalization, which can, however,

be �xed by numerical simulation (or by further assumptions). This describes the scaling laws that come from considering

clusters as spherical clouds of gas in hydrostatic equilibrium. Frenk, & White hereafter NFW) recentlyNavarro, (1995 ;

compared the results of six clusters simulated with SPH in a cold dark matter (CDM) scenario against these scaling relations

(at z \ 0). They �nd good agreement over a wide range of luminosity, mass, and temperature but claim that clusters from

Eulerian simulations (such as in et al. and et al. do not.Kang 1994a Bryan 1994a)

Another analytic method is that initially described by & Schechter which predicts the mass distribution ofPress (1974),

collapsed objects. There have been a number of comparisons between its predictions and the results of N-body simulations

et al. et al. & Cole Using the scaling results, this theory can be extended to produce(Efstathiou 1988 ; Bond 1991 ; Lacey 1996).

the temperature Cole, & Frenk and luminosity distribution functions. Since this is one of the most widely used(Eke, 1996)

constraints on the amplitude of mass Ñuctuations, it is important to check its validity.

In this paper, we make a detailed comparison between simulation results and the adiabatic scaling laws as well as the

Press-Schechter formalism with extensions. This allows us to gauge the accuracy and consistency of both methods, leading to

�rmer conclusions regarding the viability of the cosmology modeled. The paper is laid out as follows. In we review the° 2,

scaling relations, including a modi�cation to take into account the �nite resolution of Eulerian codes. We then compare these

to the results of CDM and cold plus hot dark matter (CHDM) simulations at a variety of redshifts. In we examine the° 3,

mass, temperature, and luminosity distribution functions, including the e†ects of �nite bandpass and line emission. These are

compared against the Press-Schechter plus scaling theory (extended to include the additional complications in the luminosity

function). In we brieÑy examine the pro�les of temperature and velocity dispersion to assess the accuracy of the isothermal° 4

models assumed in extending the Press-Schechter work. Finally, in we discuss our results and comment on the viability of° 5,

the models simulated.

2. SCALING RELATIONS

Here we review the scaling relations between cluster bulk properties through the assumption of a pressure-supported

isothermal sphere for both the gas temperature, T , and one-dimensional collisionless velocity dispersion, p, of the dark matter

particles. The assumption of a speci�c density pro�le (here the isothermal sphere) is not required to obtain the scaling

behavior but is needed to determine the constant of proportionality between the given quantities.

These relations were used by to describe the evolution of ““ characteristic ÏÏ quantities, largely driven by theKaiser (1986)

nonlinear mass de�ned via below, as well as to derive relations between distribution functions at di†erent(Mnl), equation (20)

epochs. We do not explicitly test these because they are uniquely speci�ed by the nonlinear mass (which we do examine) and

the scaling relations discussed below.

2.1. Scaling Review and Normalization
In the isothermal distribution function, the density is related to the velocity dispersion & Tremaine(Binney 1987) :

o(r) \ p2
2nGr2 . (2)

If we de�ne as the radius of a spherical volume within which the mean density is times the critical density at that redshiftrvir *
c

then there is a relation between the virial mass and the one-dimensional velocity dispersion :(M \ 4nrvir3 ocrit*c
/3),

p \ M1@3[H2(z)*
c
G2/16]1@6 (3)

\ 476fp
A M

1015M
_

B1@3
(h2 *

c
E2)1@6 km s~1 . (4)

In the second line we have introduced a factor, which will be used to match the normalization from the simulations. Thefp,

redshift-dependent Hubble constant can be written as H(z) \ 100 h E(z) km s~1 Mpc with the function E2 \ )0(1 ] z)3
dependent on three contributions :] )

R
(1 ] z)2 ] )"

)0 \ 8nGo0
3H02

; )
R

\ 1

(H0 R)2 ; )" \ "
3H02

. (5)

Here, is the nonrelativistic matter density, R is the radius of curvature, and " is the cosmological constant.o0
The value of is taken from the solution to the collapse of a spherical top-hat perturbation under the assumption that the*

c
cluster has just virialized Its value is 18n2 for a critical universe but has a dependence on cosmology through(Peebles 1980).

the parameter We have calculated this for the cases & Cole and et)(z) \ )0(1 ] z)3/E(z)2. )" \ 0 (Lacey 1993) )
R

\ 0 (Eke

al. �tting the results with1996),

*
c
\ 18n2 ] 82x [ 39x2 for )

R
\ 0 , *

c
\ 18n2 ] 60x [ 32x2 for )" \ 0 , (6)

where x \ )(z) [ 1. These are accurate to 1% in the range )(z) \ 0.1È1.

If the distribution of the baryonic gas is also isothermal, we can de�ne a ratio of the ““ temperature ÏÏ of the collisionless

material to the gas temperature :(Tp \ km
p
p2/k)

b \ km
p
p2

kT
. (7)

2003), and all cluster X-ray properties are derived using data from
the Chandra X-ray Observatory. Finally, our Chandra observa-
tions have an order of magnitude better spatial resolution than
the X-ray data used in previous studies, which greatly improves
our ability to identify and exclude compact foreground sources
that are superimposed on the cluster X-ray emission.

Throughout the paper, we assume a !CDM cosmology with
"M ! 0:3, "! ! 0:7, and h ! 0:7, where h is defined such that
H0 ! 100 h km s"1 Mpc"1. All uncertainties are at the 68.3%
confidence level.
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2.1. The Virial Radius and r2500

In order to establish relationships between mass, SZE flux, and
other cluster properties, one needs to define a radius out to which
all quantities will be calculated. This radius should be physically
motivated, reachable with the current X-ray and SZE observations,
and equivalent for clusters of different redshift. One candidate is
the virial radius. In a Friedman-Robertson-Walker universe, an
unperturbed spherical region expands indefinitely, while a per-
turbed overdense region (the seed of a future cluster) eventually
recollapses. When the overdense region collapses under the effect
of its own gravity, it is assumed to reach virial equilibrium when
the radius is half of that at maximum expansion (Peebles 1980;
Lacey & Cole 1993). The ratio of the mean cluster density to the
background density at the time of virialization is# v ! 18!2 for
a universe with critical matter density ("M ! 1). For a different
cosmology with "k ! 0, Bryan & Norman (1998) showed that
#v ’ 18!2 # 82x" 39x2, where x ! "M0(1# z)3 /E2(z) and
E2(z) ! "M0(1# z)3 # "! # "k0(1# z)2, as found from a fit to
numerical simulations (Lacey & Cole 1993).

With this characterization of the mean cluster density at time
of virialization, the virial radius can be determined as the radius
within which the average density of the cluster is #v times the
critical density, via

4

3
!"c(z)# v(z)r

3
vir ! Mtot r# v(z)

h i
; $1%

in which both "c(z) and#v(z) are cosmology dependent, and the
critical density "c(z) is defined as

"c(z) !
3H 2

0 E(z)
2

8!G
: $2%

Unfortunately, the virial radius is usually unreachable with cur-
rent X-ray and SZE measurements, and one is forced to perform
measurements out to a smaller radius. Such a radius (r#) is char-
acterized by the density contrast parameter# in place of #v(z)
in equation (1), and it corresponds to a higher average density,
4/3$ %!"c(z)#r 3# !Mtot(r#). We choose a contrast parameter# !
2500, corresponding to an average density of 2500 times the
critical density at the cluster’s redshift. This choice is motivated
by the fact that this is the radius typically reachable with our SZE
and X-ray data without any extrapolation of the models (B2006;
L2006).7

2.2. Scaling Relations

The hierarchical structure formation theory developed byKaiser
(1986) predicts simple relationships between physical parameters
of collapsed structures, known as scaling relations. With the as-
sumptions of hydrostatic equilibrium and of an isothermal dis-
tribution for both the dark matter and the cluster gas (e.g., Bryan
&Norman 1998), it can be shown that there is a simple relation-
ship between a cluster’s total mass and its gas temperature Te:

Te / M
2=3
tot E(z)

2=3; $3%

where themass is calculated out to a radius of mean overdensity#,
Mtot ! Mtot(r#). For fgas & Mgas /Mtot, [Mgas ! Mgas(r#)], the ex-
pected relationship between the gas mass within r# and the gas
temperature is

Te f
2=3
gas / M 2=3

gas E(z)
2=3: $4%

The Compton y-parameter is a measure of the pressure in-
tegrated along the line of sight:

y !
Z 1

0

#Tne
kBTe
mec2

dl; $5%

One can further integrate the y-parameter over the solid angle"
subtended by the cluster, to obtain the integrated Compton
y-parameter:

Y &
Z

"
y d" ! 1

D2
A

kB#T

mec2

! "Z 1

0

dl

Z

A

neTe dA; $6%

where A is the area of the cluster in the plane of the sky. In the
context of an isothermal model, Y is proportional to the integral
of the electron density ne over a cylindrical volume; thus,

YD2
A / Te

Z
ne dV ! MgasTe ! fgasMtotTe: $7%

In x 5we consider the effect of integrating gasmasswithin a spher-
ical volume while determining Y in a cylinder. Using equation (3)
we can rewrite equation (7) in terms of either Mtot or Te, or
substitute Mgas /fgas for Mtot , to obtain

YD2
A / fgasT

5=2
e E(z)"1;

YD2
A / fgasM

5=3
tot E(z)

2=3;

YD2
A / f "2=3

gas M 5=3
gas E(z)

2=3: $8%

Equation (8) describes the scaling relations that we investigate
observationally in this paper.

3. SZE AND CHANDRA X-RAY OBSERVATIONS
OF GALAXY CLUSTERS

3.1. Data

We analyze the SZE and X-ray data observations of 38 clusters
in the redshift range z ! 0:14Y0:89, observed with the Berkeley-
Illinois-Maryland Array (BIMA) and Owens Valley Radio Ob-
servatory (OVRO) interferometric arrays and with the Chandra
X-ray imaging spectrometers. Both data modeling with the iso-
thermal $-model and the data themselves are presented in B2006
and L2006, the previous two papers in this series. We refer to
L2006 for details on the observations and data modeling and to

7 The use of a constant overdensity factor # was shown by Maughan et al.
(2006) to give results similar to the case of a variable overdensity factor#(z) !
#(0)'#v(z)/#v(0)(, in which the variable overdensity scaleswith redshift in order
to keep the ratio of two comoving densities constant.
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For the 100 kpc cut model, we use the likelihood analysis based
on the MCMC method and fit the SZE and X-ray data jointly; !c
and " are linked between X-ray and SZE data sets (Reese et al.
2000), and the X-ray spectral model is also included. Since the
SZE data do not constrain !c and " well individually, the X-ray
data set drives the fit to these parameters while!T0 is allowed to
find its best-fit value. The central 100 kpc are excluded from the
X-ray data but not from the SZE data. Since the data sets are in-
dependent, the X-ray and SZE spatial log likelihoods and spectral
log likelihood are added to determine the joint likelihood for this
model.

For the SZE-only model, the MCMC method is used to fit the
SZE data to an isothermal "-model; " is fixed at 0.7 while !c and
!T0 are allowed to find their best-fit values. An X-ray spectral
model with the central 100 kpc excluded from the X-ray data is
also included. Since the SZE and X-ray data sets are independent,
the SZE spatial log likelihood and X-ray spectral log likelihood
are added to determine the joint likelihood for this model.

4.2.1. Gas Mass, Total Mass, and Gas Mass Fraction

With the best-fit ICMmodel and X-ray temperature in hand, it
is straightforward to compute the gas mass and total mass of the
cluster. For the "-model, the enclosed gas mass is obtained by
integrating the best-fit 3D gas density profile,

Mgas r! " # A

Z r=DA

0

1$ !2

!2c

! "%3"=2

!2 d!; !11"

where A # 4#$ene0mpD
3
A, and $e, the mean molecular weight

of the electrons, is determined from the X-ray spectral data. By
assuming the isothermal gas temperature, we can compute the
gas mass independently from both the X-ray and SZE data sets.
For the X-ray data, the model central electron density ne0 can be
expressed analytically as (Birkinshaw et al. 1991)

ne0 #
SX04# 1$ z! "4 $H=$e! "" 3"! "
#eHDA#1=2" 3" % 1=2! "!c

" #1=2

: !12"

For the SZE, the model central electron density can be expressed
as (e.g., Grego et al. 2001)

ne0 #
!T0mec

2" 3=2! ""& '
f X;Te! "TCMB%TkBTeDA#1=2" 3=2! "" % 1=2& '!c

: !13"

For the 100 kpc cut model, we compute the gas mass using equa-
tion (11) by extrapolating the model into the cluster centers. For
the nonisothermal "-model, the gas mass is obtained by integrat-
ing the best-fit central density over a distribution similar to equa-
tion (11) but that accounts for the additional density component.
In this case $e is treated as a constant, as its value changes by only
0.3% over the radial range considered. In the SZE-only analysis,
the gas mass is computed using equation (11) with model central
density from equation (13).

The total mass, Mtotal, can be obtained by solving the hydro-
static equilibrium equation as

Mtotal r! " # % kr 2

G$totalmp
Te r! " dne r! "

dr
$ ne r! " dTe r! "

dr

# $
: !14"

Under the isothermal assumption, this reduces to the simple
analytic form (e.g., Grego et al. 2001):

Mtotal r! " # 3"kTe
G$mp

r 3

r 2c $ r 2
; !15"

which can be used to calculate total masses for both the 100 kpc
cut and SZE-only models. For the nonisothermal "-model, the
temperature derivative in equation (14) is simple to compute
numerically. We then compute X-ray and SZE gas mass fractions
as fgas # Mgas/Mtotal for the sample of 38 clusters.

4.3. Comparison of the Density Models Fit to X-Ray Data

We now compare the results of the X-ray surface brightness
modeling and the cluster parameters extracted using different
ICMmodels. The primary goal of this comparison is to assess the
effects of the isothermal assumption and different treatments of the
cluster core.
Figure 1 shows the isothermal"-model, nonisothermal"-model,

and 100 kpc cut model as fit to both the nonYcool-core cluster
A1995 and the cool-core cluster A1835. TheX-ray surface bright-
ness profiles are background-subtracted and constructed using con-
centric annuli centered on the cluster (e.g., Bonamente et al. 2006).
The model fitting is done to the entire two-dimensional cluster
image. Table 2 lists the spatial (!c and "), spectral (isothermal
spectroscopic gas temperature TX), and inferred (Mgas, Mtotal,
and fgas) cluster quantities obtained using these three ICM mod-
els. The radius r2500 is computed using parameters from the 100 kpc
cut models. Temperature profiles and data points for the non-
isothermal models can be found in Bonamente et al. (2006),
who demonstrate that the spectroscopic data are well fit by the
model temperature profiles.
In the case of A1995 (a nonYcool-core cluster), we find that

the results are largely insensitive to the chosen model. The sur-
face brightness profiles appear well fit by all three models, and
the derived gas masses, total masses, and gas mass fractions are
in good agreement. Although !c and " differ slightly, these param-
eters are sufficiently degenerate that the difference has a very small
effect on the derived masses. These results illustrate that the sim-
ple 100 kpc cut model works as well as the more sophisticated
nonisothermal double "-model for the nonYcool-core clusters.
Analysis of the cool-core cluster A1835, on the other hand,

highlights the importance of a proper treatment of the cluster core.
The most striking differences are the masses derived from the iso-
thermal "-model versus those from the other two models. This
illustrates the shortcomings of a brute force application of the iso-
thermal "-model to cool-core clusters. Themass discrepancies can
be attributed to a poorer fit to the surface brightness at r > 100 kpc;
this arises because the fit is drivenmainly by the extremely high
signal-to-noise ratio data in the cluster core. A1835 and other
cool-core clusters tend to have extremely small core radii and
"-parameters when fit by a single isothermal "-model. We also
find that the X-ray spectroscopic temperature, TX, is biased low
when the core is included in the determination of TX, which has
an additional impact on the total mass estimate of the cluster.
The models can be quantitatively compared using a goodness-

of-fit analysis. Goodness of fit for the X-ray data is assessed
using Monte Carlo simulations, following Winkler et al. (1995).
For a given cluster, we construct the best-fit model and compare
with the data to determine the fit statistic from equation (9). Poisson
noise is then randomly added to the best-fit model, creating 104

new realizations, and the fit statistic is calculated for each by
comparing them with the original best-fit model. The fraction
of simulations that give a lower fit statistic than that of the best-
fit model compared to the data is called the ‘‘goodness’’ (e.g.,
Jonker et al. 2005), with values near 0.5 indicating a good fit to
the data and values near 0 or 1 indicating a poor fit.
In the case of A1995, all three models (standard isothermal ",

100 kpc cut, and nonisothermal) provide acceptable descriptions
of the data, with respective goodness values of 0.416, 0.427, and
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to fit a model to the spectrum and determine the X-ray spectro-
scopic temperature and metallicity of the cluster.

Interferometric radio observations of the cluster SZE were per-
formed at the BIMA observatory and at OVRO. The millimeter-
wave arrays were equipped with 26Y36 GHz receivers for the SZE
observations (Carlstrom et al. 1996). Most of the OVRO and
BIMA telescopes were placed in a compact configuration to pro-
vide sensitivity on angular scales subtended by distant clusters
(typically !10), and a few telescopes were placed at longer base-
lines for simultaneous point-source imaging (Reese et al. 2002).

The SZE data consist of the position in the Fourier domain (u-v
plane) and the visibilities—the real and imaginary Fourier compo-
nent pairs as functions of u and v, which are the Fourier conjugate
variables to right ascension and declination. The effective resolu-
tion of the interferometer, the synthesized beam, depends on the
u-v coverage and is therefore a function of the array configuration
and source position. A typical size for the synthesized beam for the
short baseline data is!10. Details of the SZE data reduction can be
found in Grego et al. (2001) and Reese et al. (2002). Briefly, the
SZE data were reduced using the MIRIAD (Sault et al. 1995) and
MMA (Scoville et al. 1993) software packages. Absolute flux cal-
ibration was performed using Mars observations adopting the
brightness temperature from the Rudy (1987) Mars model. The
gainwasmonitoredwith observations of bright radio point sources
and remained stable at the 1% level over a period of months. Data
were excisedwhen one telescope was shadowed by another, when
cluster observations were not bracketed by two phase calibrators,
when there were anomalous changes in the instrumental response
between calibrator observations, or when there was spurious
correlation.

Images were made with the DIFMAP software package
(Pearson et al. 1994) to inspect the data quality and, using only
long baseline data, to identify and fix the positions of radio point
sources. The point-source fluxes are included as free parameters in
the model fitting, using the same methodology as in Reese et al.
(2002).

4. ANALYSIS METHODS AND MODELING

4.1. Cluster Density Models

The isothermal !-model has frequently been used in the anal-
ysis of X-ray and SZE cluster images (Cavaliere & Fusco-Femiano
1976; Fusco-Femiano 1978; Jones & Forman 1984; Elbaz et al.
1995; Grego et al. 2001; Reese et al. 2002; Ettori et al. 2004). The
three-dimensional (3D) electron number density is given by

ne r" # $ ne0 1% r 2

r 2c

! "&3!=2

; "4#

where ne is the electron number density, r is the radius from the
center of the cluster, rc is the core radius of the ICM, and ! is a
power-law index. A convenient feature of the isothermal!-model
is that the X-ray surface brightness and SZE decrement profiles
take simple analytic forms,

SX $ SX0 1% "2

"2c

! " 1&6!" #=2

; "5#

!T $ !T0 1% "2

"2c

! " 1&3!" #=2

; "6#

where SX0 is the central X-ray surface brightness, !T0 is the
central thermodynamic SZE temperature decrement /increment,
and "c is the angular core radius of the cluster.

However, recent deep X-rayChandra observations and numer-
ical simulations indicate that the!-model is not a good description
in the outskirts (r > 1r2500Y1:5r2500) of clusters (Borgani et al.
2004; Vikhlinin et al. 2006); to avoid biases associated with this
effect, we compute masses enclosed within r2500, the radius at
which the mean enclosed mass density is equal to 2500#crit. Re-
sults are not extrapolated beyond this radius. Incidentally, r2500 is
also the outer limiting radius at which both the Chandra (e.g.,
Allen et al. 2004) and BIMA/OVRO data (Grego et al. 2001) pro-
vide strong constraints on the ICM model.
In some clusters the isothermal !-model fails to provide a good

description of the X-ray surface brightness observed in the cluster
core. This is the case, for instance, in highly relaxed clusters with
sharply peaked central X-ray emission. We have therefore devel-
oped two extensions of the isothermal !-model to overcome this
limitation; we describe these new models and their application to
the X-ray and SZE data below.

4.1.1. The 100 kpc Cut Model

First we consider a single isothermal !-model fit to the X-ray
datawith the central 100 kpc excised. The 100 kpc radius is a good
compromise, as it is large enough to exclude the cooling region in
cool-core clusters while keeping a sufficient number of photons to
enable the mass modeling. The X-ray spectroscopic temperature
is also determined using photons extracted from a radial shell be-
tween 100 kpc and r2500. This is referred to as the 100 kpc cut
model in the remainder of this work.
There is no simple way to excise the central 100 kpc from the

interferometric SZE data because these data are fit in the Fourier
plane. We therefore fit the entire SZE data set, while using the
X-ray spectroscopic temperature from the 100 kpc cut model.
The inclusion of the dense core in the SZE data should have little
effect on the derived cluster parameters because the SZE as a
probe of pressure is less sensitive to behavior in the dense core
than are the X-ray data. It should also have little effect on the best-
fit shape parameters, "c and !, because these fits are drivenmainly
by the X-ray data. The SZE data therefore mainly constrain the
overall normalization of the SZE signal, which is insensitive to the
details of the cluster core (e.g., Nagai 2006).

4.1.2. The Nonisothermal Double !-Model

We also develop a more sophisticated cluster plasma model
that takes into account temperature profiles. A motivation for
considering this model is to assess the biases arising from the
isothermal assumption and the effects of the core exclusion in the
previous model.
The model uses a second !-model component to describe the

sharply peaked X-ray emission present in the cores of some clus-
ters (Mohr et al. 1999). The 3D density profile of the double
!-model is expressed by

ne r" # $ ne0 f 1% r 2

r 2c1

 !&3!=2

% 1& f" # 1% r 2

r 2c2

 !&3!=2
2

4

3

5;

"7#

where the two core radii, rc1 and rc2 , describe the narrow, peaked
central density component and the broad, shallow outer density
profile, respectively, and f represents the fractional contribution
of the narrow, peaked component to the central density ne0 (0 '
f ' 1). This model has enough freedom to simultaneously fit
the X-ray surface brightness in the outer regions and the central
emission excess seen in some clusters. We set f $ 0 (equivalent
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For the 100 kpc cut model, we use the likelihood analysis based
on the MCMC method and fit the SZE and X-ray data jointly; !c
and " are linked between X-ray and SZE data sets (Reese et al.
2000), and the X-ray spectral model is also included. Since the
SZE data do not constrain !c and " well individually, the X-ray
data set drives the fit to these parameters while!T0 is allowed to
find its best-fit value. The central 100 kpc are excluded from the
X-ray data but not from the SZE data. Since the data sets are in-
dependent, the X-ray and SZE spatial log likelihoods and spectral
log likelihood are added to determine the joint likelihood for this
model.

For the SZE-only model, the MCMC method is used to fit the
SZE data to an isothermal "-model; " is fixed at 0.7 while !c and
!T0 are allowed to find their best-fit values. An X-ray spectral
model with the central 100 kpc excluded from the X-ray data is
also included. Since the SZE and X-ray data sets are independent,
the SZE spatial log likelihood and X-ray spectral log likelihood
are added to determine the joint likelihood for this model.

4.2.1. Gas Mass, Total Mass, and Gas Mass Fraction

With the best-fit ICMmodel and X-ray temperature in hand, it
is straightforward to compute the gas mass and total mass of the
cluster. For the "-model, the enclosed gas mass is obtained by
integrating the best-fit 3D gas density profile,

Mgas r! " # A

Z r=DA

0

1$ !2

!2c

! "%3"=2

!2 d!; !11"

where A # 4#$ene0mpD
3
A, and $e, the mean molecular weight

of the electrons, is determined from the X-ray spectral data. By
assuming the isothermal gas temperature, we can compute the
gas mass independently from both the X-ray and SZE data sets.
For the X-ray data, the model central electron density ne0 can be
expressed analytically as (Birkinshaw et al. 1991)

ne0 #
SX04# 1$ z! "4 $H=$e! "" 3"! "
#eHDA#1=2" 3" % 1=2! "!c

" #1=2

: !12"

For the SZE, the model central electron density can be expressed
as (e.g., Grego et al. 2001)

ne0 #
!T0mec

2" 3=2! ""& '
f X;Te! "TCMB%TkBTeDA#1=2" 3=2! "" % 1=2& '!c

: !13"

For the 100 kpc cut model, we compute the gas mass using equa-
tion (11) by extrapolating the model into the cluster centers. For
the nonisothermal "-model, the gas mass is obtained by integrat-
ing the best-fit central density over a distribution similar to equa-
tion (11) but that accounts for the additional density component.
In this case $e is treated as a constant, as its value changes by only
0.3% over the radial range considered. In the SZE-only analysis,
the gas mass is computed using equation (11) with model central
density from equation (13).

The total mass, Mtotal, can be obtained by solving the hydro-
static equilibrium equation as

Mtotal r! " # % kr 2

G$totalmp
Te r! " dne r! "

dr
$ ne r! " dTe r! "

dr

# $
: !14"

Under the isothermal assumption, this reduces to the simple
analytic form (e.g., Grego et al. 2001):

Mtotal r! " # 3"kTe
G$mp

r 3

r 2c $ r 2
; !15"

which can be used to calculate total masses for both the 100 kpc
cut and SZE-only models. For the nonisothermal "-model, the
temperature derivative in equation (14) is simple to compute
numerically. We then compute X-ray and SZE gas mass fractions
as fgas # Mgas/Mtotal for the sample of 38 clusters.

4.3. Comparison of the Density Models Fit to X-Ray Data

We now compare the results of the X-ray surface brightness
modeling and the cluster parameters extracted using different
ICMmodels. The primary goal of this comparison is to assess the
effects of the isothermal assumption and different treatments of the
cluster core.
Figure 1 shows the isothermal"-model, nonisothermal"-model,

and 100 kpc cut model as fit to both the nonYcool-core cluster
A1995 and the cool-core cluster A1835. TheX-ray surface bright-
ness profiles are background-subtracted and constructed using con-
centric annuli centered on the cluster (e.g., Bonamente et al. 2006).
The model fitting is done to the entire two-dimensional cluster
image. Table 2 lists the spatial (!c and "), spectral (isothermal
spectroscopic gas temperature TX), and inferred (Mgas, Mtotal,
and fgas) cluster quantities obtained using these three ICM mod-
els. The radius r2500 is computed using parameters from the 100 kpc
cut models. Temperature profiles and data points for the non-
isothermal models can be found in Bonamente et al. (2006),
who demonstrate that the spectroscopic data are well fit by the
model temperature profiles.
In the case of A1995 (a nonYcool-core cluster), we find that

the results are largely insensitive to the chosen model. The sur-
face brightness profiles appear well fit by all three models, and
the derived gas masses, total masses, and gas mass fractions are
in good agreement. Although !c and " differ slightly, these param-
eters are sufficiently degenerate that the difference has a very small
effect on the derived masses. These results illustrate that the sim-
ple 100 kpc cut model works as well as the more sophisticated
nonisothermal double "-model for the nonYcool-core clusters.
Analysis of the cool-core cluster A1835, on the other hand,

highlights the importance of a proper treatment of the cluster core.
The most striking differences are the masses derived from the iso-
thermal "-model versus those from the other two models. This
illustrates the shortcomings of a brute force application of the iso-
thermal "-model to cool-core clusters. Themass discrepancies can
be attributed to a poorer fit to the surface brightness at r > 100 kpc;
this arises because the fit is drivenmainly by the extremely high
signal-to-noise ratio data in the cluster core. A1835 and other
cool-core clusters tend to have extremely small core radii and
"-parameters when fit by a single isothermal "-model. We also
find that the X-ray spectroscopic temperature, TX, is biased low
when the core is included in the determination of TX, which has
an additional impact on the total mass estimate of the cluster.
The models can be quantitatively compared using a goodness-

of-fit analysis. Goodness of fit for the X-ray data is assessed
using Monte Carlo simulations, following Winkler et al. (1995).
For a given cluster, we construct the best-fit model and compare
with the data to determine the fit statistic from equation (9). Poisson
noise is then randomly added to the best-fit model, creating 104

new realizations, and the fit statistic is calculated for each by
comparing them with the original best-fit model. The fraction
of simulations that give a lower fit statistic than that of the best-
fit model compared to the data is called the ‘‘goodness’’ (e.g.,
Jonker et al. 2005), with values near 0.5 indicating a good fit to
the data and values near 0 or 1 indicating a poor fit.
In the case of A1995, all three models (standard isothermal ",

100 kpc cut, and nonisothermal) provide acceptable descriptions
of the data, with respective goodness values of 0.416, 0.427, and
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2003), and all cluster X-ray properties are derived using data from
the Chandra X-ray Observatory. Finally, our Chandra observa-
tions have an order of magnitude better spatial resolution than
the X-ray data used in previous studies, which greatly improves
our ability to identify and exclude compact foreground sources
that are superimposed on the cluster X-ray emission.

Throughout the paper, we assume a !CDM cosmology with
"M ! 0:3, "! ! 0:7, and h ! 0:7, where h is defined such that
H0 ! 100 h km s"1 Mpc"1. All uncertainties are at the 68.3%
confidence level.

2. THEORY OF CLUSTER SCALING RELATIONS

2.1. The Virial Radius and r2500

In order to establish relationships between mass, SZE flux, and
other cluster properties, one needs to define a radius out to which
all quantities will be calculated. This radius should be physically
motivated, reachable with the current X-ray and SZE observations,
and equivalent for clusters of different redshift. One candidate is
the virial radius. In a Friedman-Robertson-Walker universe, an
unperturbed spherical region expands indefinitely, while a per-
turbed overdense region (the seed of a future cluster) eventually
recollapses. When the overdense region collapses under the effect
of its own gravity, it is assumed to reach virial equilibrium when
the radius is half of that at maximum expansion (Peebles 1980;
Lacey & Cole 1993). The ratio of the mean cluster density to the
background density at the time of virialization is# v ! 18!2 for
a universe with critical matter density ("M ! 1). For a different
cosmology with "k ! 0, Bryan & Norman (1998) showed that
#v ’ 18!2 # 82x" 39x2, where x ! "M0(1# z)3 /E2(z) and
E2(z) ! "M0(1# z)3 # "! # "k0(1# z)2, as found from a fit to
numerical simulations (Lacey & Cole 1993).

With this characterization of the mean cluster density at time
of virialization, the virial radius can be determined as the radius
within which the average density of the cluster is #v times the
critical density, via

4

3
!"c(z)# v(z)r

3
vir ! Mtot r# v(z)

h i
; $1%

in which both "c(z) and#v(z) are cosmology dependent, and the
critical density "c(z) is defined as

"c(z) !
3H 2

0 E(z)
2

8!G
: $2%

Unfortunately, the virial radius is usually unreachable with cur-
rent X-ray and SZE measurements, and one is forced to perform
measurements out to a smaller radius. Such a radius (r#) is char-
acterized by the density contrast parameter# in place of #v(z)
in equation (1), and it corresponds to a higher average density,
4/3$ %!"c(z)#r 3# !Mtot(r#). We choose a contrast parameter# !
2500, corresponding to an average density of 2500 times the
critical density at the cluster’s redshift. This choice is motivated
by the fact that this is the radius typically reachable with our SZE
and X-ray data without any extrapolation of the models (B2006;
L2006).7

2.2. Scaling Relations

The hierarchical structure formation theory developed byKaiser
(1986) predicts simple relationships between physical parameters
of collapsed structures, known as scaling relations. With the as-
sumptions of hydrostatic equilibrium and of an isothermal dis-
tribution for both the dark matter and the cluster gas (e.g., Bryan
&Norman 1998), it can be shown that there is a simple relation-
ship between a cluster’s total mass and its gas temperature Te:

Te / M
2=3
tot E(z)

2=3; $3%

where themass is calculated out to a radius of mean overdensity#,
Mtot ! Mtot(r#). For fgas & Mgas /Mtot, [Mgas ! Mgas(r#)], the ex-
pected relationship between the gas mass within r# and the gas
temperature is

Te f
2=3
gas / M 2=3

gas E(z)
2=3: $4%

The Compton y-parameter is a measure of the pressure in-
tegrated along the line of sight:

y !
Z 1

0

#Tne
kBTe
mec2

dl; $5%

One can further integrate the y-parameter over the solid angle"
subtended by the cluster, to obtain the integrated Compton
y-parameter:

Y &
Z

"
y d" ! 1

D2
A

kB#T

mec2

! "Z 1

0

dl

Z

A

neTe dA; $6%

where A is the area of the cluster in the plane of the sky. In the
context of an isothermal model, Y is proportional to the integral
of the electron density ne over a cylindrical volume; thus,

YD2
A / Te

Z
ne dV ! MgasTe ! fgasMtotTe: $7%

In x 5we consider the effect of integrating gasmasswithin a spher-
ical volume while determining Y in a cylinder. Using equation (3)
we can rewrite equation (7) in terms of either Mtot or Te, or
substitute Mgas /fgas for Mtot , to obtain

YD2
A / fgasT

5=2
e E(z)"1;

YD2
A / fgasM

5=3
tot E(z)

2=3;

YD2
A / f "2=3

gas M 5=3
gas E(z)

2=3: $8%

Equation (8) describes the scaling relations that we investigate
observationally in this paper.

3. SZE AND CHANDRA X-RAY OBSERVATIONS
OF GALAXY CLUSTERS

3.1. Data

We analyze the SZE and X-ray data observations of 38 clusters
in the redshift range z ! 0:14Y0:89, observed with the Berkeley-
Illinois-Maryland Array (BIMA) and Owens Valley Radio Ob-
servatory (OVRO) interferometric arrays and with the Chandra
X-ray imaging spectrometers. Both data modeling with the iso-
thermal $-model and the data themselves are presented in B2006
and L2006, the previous two papers in this series. We refer to
L2006 for details on the observations and data modeling and to

7 The use of a constant overdensity factor # was shown by Maughan et al.
(2006) to give results similar to the case of a variable overdensity factor#(z) !
#(0)'#v(z)/#v(0)(, in which the variable overdensity scaleswith redshift in order
to keep the ratio of two comoving densities constant.
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It’s really more complicated than that...

7

= [25’, 14’, 7.6’, 5.8’] at z = [0.1, 0.2, 0.5, 1.0]
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Questions, Questions, Questions

Underlying structure
Does the dark matter profile evolve with time? Is it reflective of the redshift of formation? How much dark 

matter substructure is preserved? How do scaling relation parameters depend on formation history and 
current morphology?

Composition
What is the baryon fraction as a function of radius and redshift? How are the baryons divided among stars, 

cold gas, and hot gas?  What is the metallicity as a function of radius and redshift? Is there segregation of 
different elements?  How did cluster magnetic fields come into existence and evolve?

Formation and Virialization
How is the kinetic energy of infalling gas thermalized?  What are the bulk motions in the ICM? What do they 

tell us about the cluster assembly history?  How much does the ICM deviate from hydrostatic equilibrium  
What is the size and cause of temperature gradients in the ICM?

Energy Input and Loss Mechanisms
What is the role of radiative cooling? What is the form and effect of feedback from galaxies (AGN, winds, 

cosmic rays)?  What is the cosmic ray content of the ICM?  What impact does it have on the 
thermodynamics?

Physics of the ICM Plasma
What is the microscopic plasma physics of the ICM: thermal conductivity, viscosity, electron-ion equilibration 

time?  What is the level of turbulence in the ICM? How is it created? Is the ICM stable against convective 
instability?  What is the magnetohydrodynamics of the ICM, and how does it affect the plasma’s properties?

What are the systematic limits on our ability to constrain cosmology with clusters?

8
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Example Science Project:  What is the  
distribution of galaxy cluster shapes?
Motivation

Shapes depend on  
how/when galaxy  
clusters form;

 sensitive to 
underlying cosmology
detailed properties of gravity
non-gravitational physical processes the ICM

Clusters ~ triaxial ellipses

SZ brightness , X-ray brightness  
 can constrain LOS cluster length 

CLASH triaxial shape analysis w/SZ + XR
more robust concentration-mass relation than lensing alone

suggests recently formed halos less spherical

XMM-Heritage Triaxial Shape program
3 Msec for 118 SZ-selected clusters SZ WG, obs done

weak lensing via Caltech Subaru exchange time

x5 more clusters than CLASH  definitive analysis

1 yr demo project underway, multi-year analysis afterward

⟹

∼ neTe Δl ∼ n2
e Δl

⟹ Δl ∼ (SZ )2 /(XR × T2
e )

⟹

9

CLASH Triaxial Shapes

• Clusters not spherical ! better described as triaxial ellipses

• SZ brightness " neTe!l, X-ray brightness " n2
e
!l ! can

constrain LOS cluster length !l " SZ2/(XR# T 2
e
)

• More robust c–M , recently formed halos less spherical
(hints of this in CLASH, Sereno+ 2018 (w/ JS & SG))

Minor/Major Axial Ratio Intermediate/Major Axial Ratio
P

ro
b

ab
ili

ty

P
ro

b
ab

ili
ty

Ay 111 - October 16, 2020 Jack Sayers

 less spherical⟵ Sereno et al 2018

XMM-Heritage Triaxial Shapes
• XMM-Heritage ! 3
Msec XMM-Newton

program w/ 118 SZ-
selected galaxy clusters
(JS co-chair of SZ WG)

• X-ray observations com-
plete mid 2021

• Lensing ongoing (inc.
JS & SG w/ Subaru via
Keck exchange)

Redshift

M
as

s 
(M

5
0

0
) 

The 118 XMM-Heritage clusters

• "5 more clusters than CLASH ! definitive triaxial analysis

• Opportunities for ! 1 yr demo, multi-yr full analysis
Ay 111 - October 16, 2020 Jack Sayers
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Non-Thermal Pressure → tSZ Deficit

Weak-lensing + X-ray +  
Bolocam tSZ analysis of 
CLASH clusters
CLASH selected based on X-ray 

regularity (relaxed)
This analysis of subsample that 

appear spherical on the sky
Analysis assumes

spherical symmetry
non-thermal pressure follows 

shape from simulations

Exclude clusters that seem to 
show evidence of LOS 
extension (non-sphericity)

Find no evidence for non-thermal 
pressure in this biased sample

10

13

Figure 2. Constraints on the concentration and total mass at r500c for the six galaxy clusters in our sample. Contours denote 68% and 95% credible regions. The
colors denote fits to different combinations of data sets. Blue denotes a fit to the lensing data only (GL), green the X-ray data only (XR), red the X-ray and SZ
data (XR+SZ), and gold the full multiwavelength dataset using the maximally restricted model (XR+SZ+GL). Note that the range of the y-axis is different for
each row.
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Non-Thermal Pressure → tSZ Deficit

Weak-lensing + X-ray +  
Bolocam tSZ analysis of 
CLASH clusters
CLASH selected based on X-ray 

regularity (relaxed)
This analysis of subsample that 

appear spherical on the sky
Analysis assumes

spherical symmetry
non-thermal pressure follows 

shape from simulations

Exclude clusters that seem to 
show evidence of LOS 
extension (non-sphericity)

Find no evidence for non-thermal 
pressure in this biased sample

11

15

Figure 3. Posterior distribution of the normalization C of the best-fit nonther-
mal pressure fraction profile from Nelson et al. (2014). The different colors
denote the different galaxy clusters in the spherical sample (excluding Abell
383). Black denotes the combined posterior distribution obtained by mul-
tiplying the posterior distributions from the individual clusters. The shading
denotes the 95% credible region determined from the combined posterior dis-
tribution. The dashed gray line at C = 1.0 corresponds to the median value
observed in simulation.

lower bound C = 0 corresponds to entirely thermal pres-
sure support at all radii. The upper bound C = 1.825 cor-
responds to zero thermal pressure support at the cluster out-
skirts (r & r200m). The marginalized posterior distribution for
C is shown in Figure 3 for each of the five clusters. We find
that MACS J0429.6-0253, MACS J1311.0-0310, and MACS
J1423.8+2404 have fairly flat posterior distributions, although
there is a preference for C less than 1.0 over C greater than 1.0.
Abell 611 and MACSJ1532.8+3021 have higher quality X-ray
data and as a result are able to place meaningful upper bounds
on the nonthermal pressure fraction. Since constraints from
the individual clusters are consistent with a common value of
C, we multiply the individual posterior distributions together
to obtain a combined constraint. The resulting 95% credible
interval on the normalization C is (0, 0.43). Hence, the uni-
versal nonthermal pressure fraction profile observed in simu-
lations (C = 1.0) is an extremely unlikely description of this
sample of five clusters. We also derive the combined con-
straint on the nonthermal pressure fraction F (r) at several
over-density radii r = [r2500c, r500c, r200c, r200m] using the
same procedure. These are presented in Table 5.

The radii over which we have X-ray constraints varies sig-
nificantly from cluster to cluster, depending on the cluster red-
shift and the total integration time achieved by Chandra. The
X-ray data is necessary to constrain the gas density and fully
characterize the thermodynamic state of the ICM. Our con-
straints on the nonthermal pressure fraction at large radii are
therefore based on an extrapolation of the X-ray-determined
gas density at small radii. In order to determine how far be-
yond the last X-ray radial annulus we can reliably extrapo-
late our results, we perform the following test using the two
clusters with the highest quality X-ray data, Abell 611 and
MACS J1532.8+3021. We repeat the XR+SZ+GL (Nonther-
mal) fit multiple times, each time discarding the outermost
X-ray annulus. We compare the thermodynamic profiles ob-
tained from fits to the reduced X-ray datasets to those obtained

Table 5
Upper bound on the nonthermal pressure fraction at several overdensity radii.

Parameter Ncluster
a 95% Upper Bound Expectation from Simulation b

C 5 0.44 1.00
F (r2500c) 5 0.06 0.15
F (r500c) 4 0.11 0.26
F (r200c) 1 0.29 0.35
F (r200m) 1 0.35 0.43

a Number of galaxy clusters used to construct the 95% upper bound.
b Median value from the simulation of Nelson et al. (2014) for clusters with the
mass/redshift as those used to construct the upper bound.

from the fits to the full X-ray dataset. Specifically, we exam-
ine the total density, gas density, temperature, entropy, pres-
sure, and nonthermal pressure fraction as a function of the
ratio of the outer radius of the reduced dataset to the outer ra-
dius of the full dataset. We find that when we reduce the radial
coverage of the X-ray data by more than half we introduce a
discrepancy in the resulting best-fit profile that is larger than
the 1s uncertainties on the best-fit profile obtained using the
full dataset. We therefore assume that we cannot extrapolate
our results beyond twice the radius of the last X-ray annulus.
For a given overdensity radius rDref, only clusters whose X-
ray data extends past 1

2 rDref are included in the calculation of
the combined constraint on the nonthermal pressure fraction
presented in Table 5.

In order to test the robustness of our result to the particular
parameterization of the nonthermal pressure fraction profile,
we have repeated the above analysis using a simple piecewise
linear function

Fouter(r) =

(
a+b

⇣
r

r200m

⌘
r < r200m

a+b r � r200m

with both the intercept a and slope b allowed to vary. A uni-
form prior U(0,1) is placed on both a and b, resulting in a
nonthermal pressure fraction that linearly increases with ra-
dius until r200m and is constant thereafter. This model has
one more parameter than the simulation-based model and al-
lows for greater freedom in the shape of the profile. We must,
however, correct for the fact that the implicit prior on the
nonthermal pressure fraction at a particular radius is nonuni-
form and radially dependent. After making this correction
we find nearly identical constraints as those obtained with the
simulation-based model.

We have also derived frequentist confidence intervals on the
normalization C using the following method. We step over a
grid of C values between 0 and 1.825. At each point in the
grid, we fix C to the same value for all five clusters and use
JACO to find the minimum c2 allowing the other parameters
of the model to float. We then sum over the five clusters and
examine

�
Â c2�(C). We find that the minimum value of Â c2

occurs at C = 0. We obtain a 95% confidence interval by de-
termining the value of C where

�
Â c2�(C)�

�
Â c2�(0) = 4.0.

This results in C = (0, 0.35), which is similar to the con-
straints obtained with the Bayesian approach.

6.1. Abell 383
We now discuss each cluster individually, starting with

Abell 383. This is the closest cluster in our sample at a red-
shift of z = 0.188 and has relatively high-quality X-ray data.
The best fit to XR has a PTE of 0.00086. This cluster has

Si
eg

el
 e

t 
al

 2
01

8



Galaxy Cluster Structure and Cosmology and SZ Instrumentation 2021/11/19 — Golwala — Ay111

Non-Thermal Pressure → tSZ Deficit

Weak-lensing + X-ray +  
Bolocam tSZ analysis of 
CLASH clusters
Full triaxial analysis recently 

completed
Greater consistency with 

simulations observed at large 
radius than in spherical analysis

But observed much less non-
thermal pressure at small 
radius than simulations

 There are thermalization 
processes not accounted for in 
simulations

⟹
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Non-Thermal Motions in the ICM

• Siegel+ analysis assumed spherical symmetry ! degeneracy
between level of non-thermal motion and LOS elongation

• Recently completed a full analysis of CLASH using 3-D
triaxial fits ! closer to simulations (Sayers+ in prep)

• Opportunities for follow-on studies w/ XMM-Heritage

Ay 111 - October 16, 2020 Jack Sayers

Non-Thermal Motions in the ICM

• Siegel+ analysis assumed spherical symmetry ! degeneracy
between level of non-thermal motion and LOS elongation

• Recently completed a full analysis of CLASH using 3-D
triaxial fits ! closer to simulations (Sayers+ in prep)

• Opportunities for follow-on studies w/ XMM-Heritage

Ay 111 - October 16, 2020 Jack Sayers
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Fig. 6.— Our best-fit SZ spectra. The top row shows the fits to sub-cluster B, and the bottom row shows the fits to sub-cluster C. The
left column shows the SZ surface brightnesses we determine from the model fit, and the right column shows the SZ surface brightnesses we
determine via direct integration of the deconvolved images. The best-fit thermal-SZ-only spectrum is shown in red, the best-fit kinetic SZ
spectrum is shown in green, and the best-fit thermal plus kinetic SZ spectrum is shown in blue, with the widths showing the 1! confidence
region of the fits. We include relativistic corrections in all of the spectra.

9.2. Limitations to Our Kinetic SZ Constraints

Given the range of multi-wavelength data that we use
to place constraints on vz, we also estimate how each
of these datasets contribute to our overall uncertainties.
First, as noted in Section 4.3, previous results have in-
dicated that there is a systematic di!erence in temper-
atures derived from Chandra and XMM, and the tem-
peratures we measure are in general agreement with this
systematic di!erence. At this point, the cause of this
di!erence has not been conclusively demonstrated. Due
to this lack of a conclusive understanding of the di!er-
ence, combined with the fact that the di!erence between
the X-ray temperatures we derive from the two observa-
tories is of modest statistical significance, we choose to
constrain the electron temperatures via the joint likeli-
hood from the Chandra and XMM data. If we instead
adopt the XMM-only values of Te, then we find best-fit
values of vz equal to +3300 km s!1 and +2450 km s!1 for
the model fit and direct integration of sub-cluster B and
!450 km s!1 and !400 km s!1 for the model fit and di-
rect integration of sub-cluster C. If we instead adopt the
Chandra-only values of Te, then we find best-fit values vz

equal to +4000 km s!1 and +2900 km s!1 for the model
fit and direct integration of sub-cluster B and !550 km
s!1 and !450 km s!1 for the model fit and direct inte-
gration of sub-cluster C. For sub-cluster B, the Chandra-
only temperatures yield line-of-sight velocities that di!er
by " 0.5!, but all of the other values are statistically in-
distinguishable from our results in Table 3. Therefore,

we conclude that X-ray calibration uncertainties do not
strongly a!ect our constraints on vz . We further note
that the significance of our kinetic SZ measurement from
vz = 0 is nearly independent of the exact value of Te and
the slight di!erences in vz for the di!erent temperatures
are due to the inverse relationship between Te and "e for
a fixed y, coupled with the inverse relationship between
vz and "e for a fixed kinetic SZ surface brightness.

To assess the impact of the X-ray uncertainties on Te,
we also rerun all of our fits with vanishing uncertainties
on the X-ray derived Te. Even in the case of sub-cluster
C, when using the Chandra-only measurement with un-
certainties of Te

+7.8
!3.8 keV, the derived uncertainties on

vz increase by only " 10% when using the measured un-
certainties instead of assuming that the uncertainty on
Te is equal to 0. Therefore, the X-ray uncertainties are
not significant in our overall error budget on vz.

To determine the e!ect of the CIB on our measure-
ment of vz, we also compute the SZ brightness under
the assumption that the CIB is completely and noise-
lessly subtracted from the data. Specifically, compared
to our default noise realizations, we remove the noise
from the undetected CIB, along with our uncertainties
on the subtracted CIB (see the Appendix). This results
in a negligible change in the 140 GHz surface brightness
uncertainties, and a " 10!20% reduction in the 268 GHz
surface brightness uncertainties. There is a correspond-
ing " 10 ! 20% reduction in our derived uncertainties
on vz. In addition, we estimate the potential bias that

Example Science Project: ICM Velocity Structure in Mergers
Question: 

What are the dynamics and associated physics processes in cluster mergers?

Motivation: 
~ half of a typical cluster’s mass is acquired from mergers

Merger velocities are sensitive to cosmology

Interesting merger-driven physics — shocks, sloshing cores, etc.

Approach
Most studies use plane-of-sky morphology (e.g., Bullet cluster)

Line-of-sight ICM velocity is now become accessible:
X-ray spectroscopy in the future: Hitomi, XRISM, Athena

Doppler shift via kinetic SZ

First demonstration:

13

9

Fig. 4.— Thumbnails of the deconvolved Bolocam images at 140 and 268 GHz. We have scaled both images to units of Compton-y,
including positionally dependent relativistic corrections based on the X-ray-determined temperature map. The relativistic corrections
generally range from 8 ! 15% at 140 GHz and from 20 ! 40% at 268 GHz. The 140 GHz image is smoothed with a 60!! Gaussian, and the
268 GHz image is smoothed with a 30!! Gaussian. The contours are spaced by 1" 10"4, with solid showing positive y and dashed showing
negative y. The green circles show the 1! diameter apertures centered on sub-cluster C (lower left) and sub-cluster B (upper right). The
total Compton-y signal towards sub-cluster C is nearly identical at the two wavelengths, while there is a clear di!erence towards sub-cluster
B.

distribution of 1000 values is consistent with Gaussian,
and we find PTEs of 0.75 and 0.57 at 140 and 268 GHz,
respectively. We note that these surface brightness val-
ues are consistent with those derived from the best-fit
model, although there is significantly more measurement
uncertainty on the 268 GHz value. This additional un-
certainty is a result of the significant large-angular-scale
atmospheric noise in those data, which is amplified by
the deconvolution of the signal transfer function.

6.2. Systematic Uncertainties

First, we note that our flux calibration is accurate to
5% at 140 GHz, and to 10% at 268 GHz (Sayers et al.
2012). We have included these uncertainties in our sys-
tematic error budget.

To estimate the systematic errors due to the model-
dependence of our results, we repeat our analysis of
computing model-based and directly integrated surface
brightnesses towards sub-cluster B at both 140 and
268 GHz using a range of di!erent models, with a sum-
mary of the results in Table 1. First, we replace the
baseline pseudo Compton-y map we use in our model
with a set of 20 realizations of the pseudo Compton-y
map that we generate according to the X-ray measure-
ment uncertainties on the mean Te for each contbin re-
gion (see Section 4.2). Next, we constrain our baseline
model using 3! ! 3! and 5! ! 5! regions of the Bolocam
images instead of the nominal 4! ! 4! region we use in
Section 5. In addition, we consider an SZ model that
does not include the pseudo Compton-y map, and in-
stead only includes SZ templates centered on the sub-
clusters. We repeat the F-test decision tree described in
Section 5 to determine which of the sub-clusters require
an SZ template for this model. We find that, without the
pseudo Compton-y map, the data require SZ templates
centered on sub-clusters B, C, and D. This fit produces
a PTE of 0.64, indicating that the data are adequately
described by this model.16 Furthermore, we re-ran the
F-test decision tree with the PTE threshold increased by

16 The adequacy of this somewhat simple and ad-hoc model in
describing our data is likely due to Bolocam’s coarse angular res-
olution, which largely blurs any sub-structures not well described

a factor of two to 0.04. With this new threshold, the
model consists of the pseudo Compton-y map with a sin-
gle normalization, along with SZ templates centered on
sub-clusters A and B (i.e., relative to the baseline model,
an additional SZ template is required for sub-cluster A).
Finally, we determine the e!ects of varying the scale ra-
dius of the profile used as a template of the SZ signal
towards sub-cluster B. We vary the scale radius over a
range of 0.67" 1.5 times its nominal value, which corre-
sponds to a scaling of the assumed mass of sub-cluster B
by a factor of 0.3 " 3.4.

Considering this broad range of possible models that
we could have chosen to describe our data, we find that
the model-derived surface brightness of sub-cluster B
never changes by more than 1.0 times the measurement
uncertainties given in Section 6.1. For the surface bright-
ness values obtained from direct integration of the de-
convolved images, we find that the change is never larger
than 0.6 times the uncertainties given in Section 6.1. As
expected, the model-derived surface brightnesses have
a stronger model dependence compared to the directly
integrated surface brightnesses, although the latter still
have a noticeable model-dependence due to the method
by which we constrain the DC signal level of the decon-
volved image. Based on these results, we conservatively
include an additional systematic uncertainty of 1.0 times
the measurement uncertainty for the model-derived sur-
face brightnesses, and 0.6 times the measurement uncer-
tainty for the directly integrated surface brightnesses. A
full summary of our best-fit surface brightnesses, along
with the full error budget on these values, is given in
Table 2.

In addition to exploring how our choice of model a!ects
our results, we also examine the e!ects of varying the
aperture we use to compute the average surface bright-
ness towards sub-cluster B. First, we examine three pos-
sible choices for the location of sub-cluster B: 1) the loca-
tion given by Ma et al. (2009) based on the distribution of

by the smooth SZ templates. However, we note that this model
requires twice as many free parameters as our baseline model in
order to obtain an adequate fit according to our F-test decision
tree.

Sayers et al 2013, ApJ 778: 52 (2013) 

1 mm deficit  
→ kSZ

Red = tSZ
Green = kSZ

Purple = total

green: optical
contours: lensing (Limousin et al 2012)  

red: 140 GHz; blue: 268 GHz
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Example Science Project: ICM Velocity Structure in Mergers
Expanded project:

Consistent detection 
of vz rms in excess 
of noise for  
mergers, none for 
relaxed clusters

Pursuing cluster member 
vz via spectroscopy 
w/Keck

Plan detailed merger 
modeling

14

green: optical
contours: lensing (Limousin et al 2012)  

red: 140 GHz; blue: 268 GHz

14 Sayers et al.

Figure 7. Maps of the LOS velocity vz obtained from our analysis. In all cases the images have been smoothed to an e↵ective
resolution of 7000 FWHM, and the solid/dashed grey contours begin at +2�/�2� and are separated by 1�. Because the S/N
scales mainly with the strength of the kinematic SZ e↵ect signal, which is the product of vz and ⌧e, the contours do not strictly
follow the values of vz due to variations in ⌧e over the galaxy clusters’ faces. Furthermore, to eliminate large un-physical values
of vz, these images have been appodized in regions where the value of ⌧e is less than 0.5 times its peak value for each galaxy
cluster.

tion limit within any single resolution element, we also
computed the rms of the vz map over the galaxy clus-
ter face within R2500. This value was then divided by
the expected rms empirically calculated from our set of
1000 noise realizations for each galaxy cluster, and the
resulting normalized vz rms for each galaxy cluster is
given in Table 7 and plotted in Figure 8.
For two galaxy clusters, Abell 0697 and MACS

J0717.5+3745, both of which were previously identi-
fied as having a merger oriented along the LOS, the
normalized vz rms is di↵erent from one at a signifi-
cance of ' 4�, indicating the presence of LOS velocity
fluctuations over each galaxy cluster’s face. Further
supporting our detection of velocity fluctuations in each
galaxy cluster, we note that their vz morphologies are in
good agreement with those obtained from optical spec-
troscopy. Specifically, Ma et al. (2009) found a large
positive vz NW of the galaxy cluster center of MACS
J0717.5+3745, coincident with the positive vz feature
in our image, and the measurements of Girardi et al.
(2006) show a gradient of increasing vz from ESE to
WNW in Abell 0697, identical in orientation to the
gradient we found. The two other galaxy clusters pre-
viously identified as having a merger along the LOS,
MACS J0018.5+1626 and MACS J2129.4�0741, also
show a normalized vz rms larger than one, although at
modest statistical significance. Given that the typical
noise rms per 7000 resolution element is ' 1000 km s�1,

the normalized vz rms in each of the four likely LOS
merger galaxy clusters suggests an internal vz structure
with an rms & 1000 km s�1. In contrast, the six galaxy
clusters previously identified as relaxed or likely POS
mergers show a normalized vz rms consistent with one,
with an overall mean value of 0.96 ± 0.05, thus sug-
gesting that any internal vz structure in these galaxy
clusters has an rms . 1000 km s�1.
One of the galaxy clusters in our sample, MACS

J0717.5+3745, has been the target of several previous
kinematic SZ e↵ect studies, most notably by Sayers
et al. (2013a) and Adam et al. (2017). Sayers et al.
(2013a) used nearly identical data to those used in
our study, although they included X-ray observations
from XMM-Newton and they did not use Planck SZ
e↵ect data. They also used a much more individual-
ized SZ e↵ect analysis based on a spatial template de-
rived from the X-ray data and a focus solely on the
signal within 6000 diameter apertures centered on sub-
clusters “B” and “C”. Their “direct integration” results
are the most comparable to those obtained in our more
general SZ e↵ect analysis, and they obtained best-fit
vz values of +2550 ± 1050 km s�1 towards “B” and
�500±1600 km s�1 towards “C”. At the same positions
in our vz map, we obtained values of 2100± 700 km s�1

and �400± 800 km s�1. The shift to a smaller positive
vz for sub-cluster “B” was driven mainly by our correc-
tion for the lensing-induced deficit in the CIB, which
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Figure 8. The rms of the vz map within R2500, normal-
ized by the expected rms computed based on the 1000 noise
realizations for each galaxy cluster. The six galaxy clusters
previously identified as POS mergers or relaxed are in blue
and show values consistent with one, and an overall mean of
0.96± 0.05, indicating no evidence for vz variations over the
galaxy clusters’ faces. In contrast, the four galaxy clusters
previously identified as having a merger oriented along the
LOS are in red and all show a normalized vz rms greater
than one. Two of these galaxy clusters, Abell 0697 and
MACS J0717.5+3745, individually show evidence for inter-
nal vz variations at a significance of ' 4�.

was not included in the analysis of Sayers et al. (2013a).
This also drove a shift towards a larger negative vz for
“C”, but this shift was more than compensated for by
the significantly lower Te obtained in our analysis, which
resulted in a larger best-fit ⌧e and subsequently smaller
magnitude for vz. The smaller uncertainties obtained in
our analysis were due to the combination of: a larger
aperture (7000 compared to 6000); larger best-fit values
for ⌧e, particularly for “C”; improved calibration; and,
most significantly, the inclusion of Planck SZ e↵ect data
to better constrain the large angular scale signal.
Using completely independent SZ e↵ect measure-

ments, Adam et al. (2017) measured best-fit vz val-
ues of +6600+3200

�2400 km s�1 and �4100+1600
�1100 km s�1 for

sub-clusters “B” and “C”. These values are in modest
(. 2�) tension with the values we obtained in our anal-
ysis, although we note that Adam et al. (2017) found vz
equal to +2100+500

�450 km s�1 for sub-cluster “B” using an
alternate analysis which included stronger X-ray priors,
fully consistent with our measurement. Furthermore,
the NIKA SZ e↵ect observations used by Adam et al.

(2017) had a factor of ' 3 finer angular resolution com-
pared to our Bolocam/AzTEC data, better isolating the
sub-clusters and producing more significant excursions
in their vz map of the galaxy cluster (5.1� and 3.4� for
“B” and “C”).

7. SUMMARY

We have used observations from Bolocam and AzTEC
to image the SZ e↵ect signal towards a sample of ten
galaxy clusters at 140 and 270 GHz. In support of these
data, we have also made use of a number of additional
observations. The Planck all-sky y–maps were used to
help constrain the large-angular scale signal in order to
obtain spatial templates of the SZ e↵ect signal. In ad-
dition, three-band Herschel–SPIRE imaging was used
to subtract the emission from DSFGs, which was sig-
nificant compared to the SZ e↵ect signal at 270 GHz.
Furthermore, HST data were used to obtain detailed
mass models for each galaxy cluster in order to prop-
erly account for lensing of the background CIB. Finally,
Chandra X-ray spectroscopic imaging was used to obtain
resolved maps of the ICM temperature Te.
From this analysis, we produced galaxy cluster-

averaged fits to the SZ e↵ect brightness at 140 and
270 GHz in order to constrain the average optical depth
and bulk LOS velocity vz within R2500. Our typical
measurement uncertainties on vz were 500–1000 km s�1,
a factor of 2–4 larger than the typical values of vz ex-
pected from simulations. We did not detect vz at high
significance in any single galaxy cluster, and the ensem-
ble average velocity was consistent with zero, particu-
larly when intrinsic scatter was accounted for in the fit.
When fitting for the intrinsic scatter, we did not obtain
a significant detection, but we did find an upper limit
competitive with those produced by statistical stacks in
CMB survey data.
In addition to fitting for the galaxy cluster-average

SZ e↵ect brightness, we also produced images of the
electron optical depth ⌧e and the LOS velocity vz with
a resolution of 7000. In all cases, ⌧e was detected at
high significance near the galaxy cluster center. We did
not obtain a significant detection of vz within any sin-
gle resolution element for any of the galaxy clusters in
our sample, with the exception of the previously iden-
tified sub-component of MACS J0717.5+3745. How-
ever, the vz maps for two galaxy clusters, Abell 0697
and MACS J0717.5+3745, showed an excess variance
over the galaxy clusters’ faces compared to the expecta-
tion from noise at a significance of 4�, indicating the
presence of a LOS velocity structure with an rms of
& 1000 km s�1. The two other galaxy clusters pre-
viously identified as having a merger along the LOS,

Detailed Studies of Cluster Mergers

• Now obtaining dense member-galaxy spectroscopy from
Keck to measure dark matter velocity over cluster face

• Will combine w/ kSZ and X-ray morphology to characterize
merger details via comparison w/ simulations

• Opportunities to lead this analysis - ! 1 yr timescale
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Future Merger Studies from the LMT
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– !v ± 1000 km/s per 1’
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velocity structure, S/N !1

• Soon begin w/ 50 m
LMT telescope
– !v ± 100 km/s per 10”
– Highly resolved velocity
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LMT targets using Keck
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online in 2021?
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contaminating galaxies, 
degeneracy between vpec and Te
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for bulk (cosmological) and 
internal ICM velocities
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Preparing for Future kSZ Velocity Measurements Golwala
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) Figure 2: An example surface bright-
ness spectrum towards a massive galaxy
cluster. Dashed red: tSZ; dashed orange:
relativistic corrections for an electron temper-
ature Te = 5 keV; dashed blue: kSZ signal
for vz = 500 km/s; solid black: total SZ sig-
nal, dashed black: radio galaxies. The aver-
age surface brightness for dusty submillimeter
galaxies is given as a solid black line, which
exceeds the vertical scale of the plot at fre-
quencies above 350 GHz and continues to rise.
The locations of the 9 observing bands for the
EPIC-IM satellite concept, most of which are
accessible from the ground, are shown as col-
ored bars.

with the tSZ e!ect, there are small relativistic corrections to the kSZ signal (e.g., [89, 122, 91, 26]).
An example SZ spectrum, along with other relevant astrophysical signals, is given in Figure 2.

2.2 Current kSZ Measurements

Despite the great promise of kSZ surveys, measurements of the kSZ signal have proven to be a
significant observational challenge, although there has been recent progress. For example, data
from the WMAP and Planck satellites have been used to place upper limits on bulk flows and rms
variations in vz via the kSZ signal [59, 93, 99]. In addition, Hand et al. [48] used a combination of
ACT and Sloan Digital Sky Survey III data to constrain the mean pairwise momentum of clusters
using a kSZ signature that is inconsistent with noise at a confidence level of 99.8%. Furthermore,
upper limits on the kSZ power spectrum measured by the ACT and SPT have been used to inform
cosmological simulations and to place constraints on the reionization history of the universe [107,
142, 43, 34, 33]. In addition to these statistical constraints from large surveys, several attempts
have been made over the past two decades to detect the kSZ signal towards a variety of individual
massive clusters using a range of ground-based receivers (e.g., [55, 13, 60, 143, 77, 83, 121]).

Our recent measurement of the kSZ signal using 140, 268, 600, 850, and 1200 GHz data from
Bolocam and Herschel-SPIRE towards one of the sub-clusters of MACS J0717.5+3745, which was
led by senior personnel Sayers and includes PI Golwala and senior personnel Zemcov as two of the
main coauthors [121], is the most significant kSZ detection to date, with vz = 3450 ± 900 km/s
(see Figure 3). We examine the error budget of this state-of-the art kSZ measurement to better
understand the challenges that will be faced by future e!orts.

First, there is significant signal from the cosmic infrared background (CIB) composed mainly
of dusty star-forming galaxies (also known as submillimeter galaxies, or SMGs) in the 268 GHz
data. Although we used high frequency measurements from Herschel-SPIRE to subtract the ! 200
brightest galaxies behind MACS J0717.5, the residual noise from the remaining galaxies degrades
!v by ! 20%. Noise from primary CMB fluctuations also degrades !v, although by ! 10% for
this high-z cluster. The Bolocam data are calibrated with an absolute uncertainty of 5% and
10% at 140 and 268 GHz, respectively, only a factor of ! 2 below the raw kSZ measurement
uncertainties. Deeper data will require better calibration. Finally, our measurement relied on deep
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Goal: analyze a representative sample of clusters with a variety of instrumentation 
choices, comparing and quantifying constraints on vz & cosmology
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Preliminary Results

A 10% prior on ICM temperature (from, e.g., X-ray observations) would help significantly to break the 
degeneracies between SZ parameters, giving roughly 10%, 20%, and 10% constraints on Te, vz, and �, 
respectively—compare to constraints for the same cluster without using a temperature prior:
 
A 5% temperature prior, which may be achievable in the coming decades, would help even more, 
allowing constraints of 10% on bulk ICM velocity and 5% on optical depth in this example. 

10% prior on Te

Te = 5+5
-3  keV, vz = 4+6

-2×102 km/s, � = 2+2
-1×10-2 (see plots in "Analysis" section).
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Introduction
Pairwise kSZ
+ Planck CMB 

Pairwise kSZ
+ DETF (no � constraints)
+ Planck CMB
DETF (with � constraints)
+ Planck CMB

Pairwise kSZ surveys are predicted 
to improve constraints on 
cosmological parameters such as the 
growth index � and dark energy 
equation of state parameter w0, as 
they can help break degeneracies in 
other probes such as weak lensing 
and RSD surveys.  Figure adapted 
from [1].

• Cosmic velocity field measurements are a 
competitive way to constrain the growth history of 
the Universe, e.g., the dark energy equation of 
state (EoS) and deviations from general realtivity 
on large scales
• There are a few ways to do this, including surveys 
of redshift-space distortions (RSD) and the pairwise 
kinetic Sunyaev-Zel'dovich (kSZ) effect (e.g., [3])
• This work focuses instead on using kSZ-derived 
velocities of individual clusters detected at high 
significance, as in [2]
• Can also probe internal ICM motion by imaging 
the kSZ effect in clusters to understand the extent 
to which infalling matter is thermalized during 
accretion, which can be compared to predictions 
from hydrodynamical simulations

Next Steps and Future Work
• Include emission from cluster-member galaxies
• Finish work on component separation
• Include atmospheric noise and its removal
• Incorporate hydrodynamically simulated clusters into mock observations

Observing Bands: 
90, 150, 225, 285, 350, 400 GHz

Modeling Contaminants

Various foregrounds and 

backgrounds can affect our ability 

to recover SZ parameters, 

especially those that are spectrally 

degenerate with the signal 

Gravitational lensing of 
backgrounds by the 
cluster: can result in 
deficit of emission near 
the cluster center after 
bright source removal

Dusty star-forming galaxies 
(DSFGs): can subtract the 
brightest ones, but confusion limit 
can dominate noise. Model with 
simulated catalog [4]

Primary CMB fluctuations: fully 
spectrally degenerate with kSZ signal. 
Need to rely on differences in spatial 
scale to remove

Analysis

• Assumptions: M500 = 7.7×1014 M�,  
z = 0.45,  telescope diameter = 30 m. 
Instrument noise is at the confusion 
limit in each band:

Band center [GHz]

Depth [mJy/beam]

90 150 220 270 350 400

24 47 75 94 123 140

• To compare potential instruments, 
observing depths, and analysis 
methods, define figure of merit 
= geometric mean of 68% confidence 
regions to mitigate the impact of 
strong degeneracies (right)

• Attempt to remove bright DSFGs 
(left) and primary CMB

• Use noise-refitting approach to 
quantify uncertainties: generate 
noise realizations, then fit for SZ 
parameters in each case

Novel Features of This Work

• Inclusion of the effect of gravitational lensing on backgrounds

Left: map of observed line-of-sight velocity towards 
galaxy cluster MACS J0717.5+3745 [5]. NW of the 
cluster center is a merging sub-component with a 
spectroscopically measured velocity of ~+3000 km/s 
[6], confirmed in the SZ map at a significance of ~4�. 
Future SZ  measurements will image more typical 
ICM motions at the level of � 500 km/s with 
improved spatial resolution. 

• Full simulation: unlike Fisher matrix forecasts, the machinery we are developing 
can fully capture the complicated degeneracies between SZ parameters 

• A full model of dusty star-forming galaxies (DSFGs) with machinery to remove 
them as optimally as possible, leveraging multi-wavelength data

To accurately predict future observations' ability to constrain the kSZ signal as 
sensitivity improves and systematic effects begin to dominate the uncertainties, this 
work has the following essential features:

• A realistic treatment of:
    • Instrument nonidealities 
    • Imperfect subtraction of atmospheric and unwanted astronomical signals
    • Calibration uncertainties
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Preliminary Results

A 10% prior on ICM temperature (from, e.g., X-ray observations) would help significantly to break the 
degeneracies between SZ parameters, giving roughly 10%, 20%, and 10% constraints on Te, vz, and �, 
respectively—compare to constraints for the same cluster without using a temperature prior:
 
A 5% temperature prior, which may be achievable in the coming decades, would help even more, 
allowing constraints of 10% on bulk ICM velocity and 5% on optical depth in this example. 
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• Inclusion of the effect of gravitational lensing on backgrounds

Left: map of observed line-of-sight velocity towards 
galaxy cluster MACS J0717.5+3745 [5]. NW of the 
cluster center is a merging sub-component with a 
spectroscopically measured velocity of ~+3000 km/s 
[6], confirmed in the SZ map at a significance of ~4�. 
Future SZ  measurements will image more typical 
ICM motions at the level of � 500 km/s with 
improved spatial resolution. 

• Full simulation: unlike Fisher matrix forecasts, the machinery we are developing 
can fully capture the complicated degeneracies between SZ parameters 

• A full model of dusty star-forming galaxies (DSFGs) with machinery to remove 
them as optimally as possible, leveraging multi-wavelength data

To accurately predict future observations' ability to constrain the kSZ signal as 
sensitivity improves and systematic effects begin to dominate the uncertainties, this 
work has the following essential features:

• A realistic treatment of:
    • Instrument nonidealities 
    • Imperfect subtraction of atmospheric and unwanted astronomical signals
    • Calibration uncertainties
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Preliminary Results

A 10% prior on ICM temperature (from, e.g., X-ray observations) would help significantly to break the 
degeneracies between SZ parameters, giving roughly 10%, 20%, and 10% constraints on Te, vz, and �, 
respectively—compare to constraints for the same cluster without using a temperature prior:
 
A 5% temperature prior, which may be achievable in the coming decades, would help even more, 
allowing constraints of 10% on bulk ICM velocity and 5% on optical depth in this example. 

10% prior on Te

Te = 5+5
-3  keV, vz = 4+6

-2×102 km/s, � = 2+2
-1×10-2 (see plots in "Analysis" section).
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Introduction
Pairwise kSZ
+ Planck CMB 

Pairwise kSZ
+ DETF (no � constraints)
+ Planck CMB
DETF (with � constraints)
+ Planck CMB

Pairwise kSZ surveys are predicted 
to improve constraints on 
cosmological parameters such as the 
growth index � and dark energy 
equation of state parameter w0, as 
they can help break degeneracies in 
other probes such as weak lensing 
and RSD surveys.  Figure adapted 
from [1].

• Cosmic velocity field measurements are a 
competitive way to constrain the growth history of 
the Universe, e.g., the dark energy equation of 
state (EoS) and deviations from general realtivity 
on large scales
• There are a few ways to do this, including surveys 
of redshift-space distortions (RSD) and the pairwise 
kinetic Sunyaev-Zel'dovich (kSZ) effect (e.g., [3])
• This work focuses instead on using kSZ-derived 
velocities of individual clusters detected at high 
significance, as in [2]
• Can also probe internal ICM motion by imaging 
the kSZ effect in clusters to understand the extent 
to which infalling matter is thermalized during 
accretion, which can be compared to predictions 
from hydrodynamical simulations

Next Steps and Future Work
• Include emission from cluster-member galaxies
• Finish work on component separation
• Include atmospheric noise and its removal
• Incorporate hydrodynamically simulated clusters into mock observations

Observing Bands: 
90, 150, 225, 285, 350, 400 GHz

Modeling Contaminants

Various foregrounds and 

backgrounds can affect our ability 

to recover SZ parameters, 

especially those that are spectrally 

degenerate with the signal 

Gravitational lensing of 
backgrounds by the 
cluster: can result in 
deficit of emission near 
the cluster center after 
bright source removal

Dusty star-forming galaxies 
(DSFGs): can subtract the 
brightest ones, but confusion limit 
can dominate noise. Model with 
simulated catalog [4]

Primary CMB fluctuations: fully 
spectrally degenerate with kSZ signal. 
Need to rely on differences in spatial 
scale to remove

Analysis

• Assumptions: M500 = 7.7×1014 M�,  
z = 0.45,  telescope diameter = 30 m. 
Instrument noise is at the confusion 
limit in each band:

Band center [GHz]

Depth [mJy/beam]

90 150 220 270 350 400

24 47 75 94 123 140

• To compare potential instruments, 
observing depths, and analysis 
methods, define figure of merit 
= geometric mean of 68% confidence 
regions to mitigate the impact of 
strong degeneracies (right)

• Attempt to remove bright DSFGs 
(left) and primary CMB

• Use noise-refitting approach to 
quantify uncertainties: generate 
noise realizations, then fit for SZ 
parameters in each case

Novel Features of This Work

• Inclusion of the effect of gravitational lensing on backgrounds

Left: map of observed line-of-sight velocity towards 
galaxy cluster MACS J0717.5+3745 [5]. NW of the 
cluster center is a merging sub-component with a 
spectroscopically measured velocity of ~+3000 km/s 
[6], confirmed in the SZ map at a significance of ~4�. 
Future SZ  measurements will image more typical 
ICM motions at the level of � 500 km/s with 
improved spatial resolution. 

• Full simulation: unlike Fisher matrix forecasts, the machinery we are developing 
can fully capture the complicated degeneracies between SZ parameters 

• A full model of dusty star-forming galaxies (DSFGs) with machinery to remove 
them as optimally as possible, leveraging multi-wavelength data

To accurately predict future observations' ability to constrain the kSZ signal as 
sensitivity improves and systematic effects begin to dominate the uncertainties, this 
work has the following essential features:

• A realistic treatment of:
    • Instrument nonidealities 
    • Imperfect subtraction of atmospheric and unwanted astronomical signals
    • Calibration uncertainties

No contaminating galaxies, just tSZ + kSZ + relativistic effects, 10% prior on Te: σv < 100 km/s 

Contaminating dusty galaxies Contaminating dusty galaxies
w/lensing

Primary CMB
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Summary of Observational and Forecasting Projects

Triaxial shapes
1 yr demonstration and/or multi-yr full analysis using the XMM-Heritage sample

ICM pressure shapes
open-ended opportunities to build on existing results w/ available larger samples

Non-thermal pressure
1 yr demonstration and/or multi-yr full analysis using the XMM-Heritage sample

Merger studies
1 yr opportunities using existing data, longer-term based on future LMT observations

AGN studies
1 yr opportunity to lead Abell 2052 study, although analysis will be technical and 

complicated

H0 measurement
multi-yr collaborative rSZ measurement, open-ended opportunities w/ larger sample 

kSZ forecasting
multi-yr project to incorporate instrumental/calibration effects

17
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Instrumentation

Ongoing developments to enable multi-band studies of galaxy clusters
Multi-scale phased-array antennas to enable measurement of 6 spectral bands in a 

single focal plane
Background-limited microstrip-coupled kinetic inductance detectors (KIDs) to 

provide excellent sensitivity in all spectral bands
Microstripline and parallel-plate capacitors using 1 µm thick crystalline silicon to 

minimize KID two-level-system noise and antenna microstripline loss
Broadband, antireflection-structured, gradient-index silicon optics

Ample opportunities for instrumentation work with a range of levels of time 
commitment

18
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Kinetic Inductance Detectors

Superconductors have an AC inductance due to inertia of Cooper pairs
alternately, due to magnetic energy stored in screening supercurrent

Changes when Cooper pairs are broken by energy input from light
Sense the change by monitoring a resonant circuit
Key point: superconductors provide very high Q (Qi > 107 achieved), so 

thousands of such resonators can be monitored with a single feedline
enormous cryogenic multiplex technology relative to existing ones

very simple cryogenic readout components

these detectors have generally been used with individual preampli-
fiers and wiring for the output signals, which is clearly impractical
for large arrays. Instead, a multiplexed readout approach is needed,
in which preamplifiers and signal wiring are shared among multiple
detectors. Multiplexing schemes are now being developed for
transition-edge sensors15,16, but will require complex, custom-
designed superconducting electronics, located close to the detector
array. Our detector concept17 is based on the microwave measure-
ment of the complex impedance of a thin superconducting film, and
allows a simple frequency-domain approach to multiplexing. This
results in a dramatic simplification of the detector array and
associated cryogenic electronics, and harnesses the rapid advances
in wireless communications electronics. The results we present
include the demonstration of single X-ray photon detection with
a high signal-to-noise ratio and a measurement of the detector
noise. Although much work remains to be done to optimize the
performance, and to produce and use practical detector arrays, the
devices already achieve very interesting levels of sensitivity.
In order to explain the operation of our detector, wemust quickly

review the electrodynamics of superconductors18. As its name
implies, a superconductor has zero resistance for d.c. electrical

current. This supercurrent is carried by pairs of electrons, known
as Cooper pairs. Cooper pairs are bound together by the electron–
phonon interaction, with a binding energy 2D < 3.5kBTc, where Tc

is the superconducting transition temperature. However, supercon-
ductors have a nonzero impedance for a.c. currents. An electric field
applied near the surface of a superconductor causes the Cooper
pairs to accelerate, allowing energy storage in the form of kinetic
energy. Because the supercurrent is non-dissipative, this energy may
be extracted by reversing the electric field. Similarly, energy may be
stored in the magnetic field inside the superconductor, which
penetrates only a short distance, l < 50 nm, from the surface.
The overall effect is that a superconductor has a surface inductance
L s ! m0l, due to the reactive energy flow between the super-
conductor and the electromagnetic field. The surface impedance
Zs ! Rs " iqLs also includes a surface resistance Rs, which describes
a.c. losses at angular frequency q caused by the small fraction of
electrons that are not in Cooper pairs, which are called ‘quasipar-
ticles’. For temperatures Tmuch lower than Tc, Rs ,, qLs.

Photons with sufficient energy (hn . 2D) may break apart one or
more Cooper pairs (Fig. 1a). The absorption of a high-energy
photon creates Nqp < hhn/D quasiparticles; the excess quasiparti-

Figure 1 An illustration of the detection principle. a, Photons with energy hn . 2D are

absorbed in a superconducting film cooled to T ,, Tc, breaking Cooper pairs and

creating a number of quasiparticle excitations Nqp ! hhn/D. In this diagram, Cooper

pairs (C) are shown at the Fermi level, and the density of states for quasiparticles18, Ns(E ),

is plotted as the shaded area as a function of quasiparticle energy E. b, The increase in
quasiparticle density changes the (mainly inductive) surface impedance Zs ! R s " iq Ls
of the film, which is used as part of a microwave resonant circuit. The resonant circuit is

depicted schematically here as a parallel LC circuit which is capacitively coupled to a

through line. The effect of the surface inductance L s is to increase the total inductance L,

while the effect of the surface resistance Rs is to make the inductor slightly lossy (adding a

series resistance). c, On resonance, the LC circuit loads the through line, producing a dip
in its transmission. The quasiparticles produced by the photons increase both L s and R s,

which moves the resonance to lower frequency (due to L s), andmakes the dip broader and

shallower (due to R s). Both of these effects contribute to changing the amplitude

(producing power change dP ) (c) and phase (d) of a microwave probe signal transmitted
though the circuit. The definition of the phase angle used here is explained in Fig. 3. The

amplitude and phase curves shown in this illustration are actually the data measured for

the test device (Fig. 2) at 120mK (solid lines) and 260mK (dashed lines). This choice of

circuit design, which has high transmission away from resonance, is very well suited for

frequency-domain multiplexing, because multiple resonators operating at slightly

different frequencies could all be coupled to the same through line.

Figure 2 A microscope photograph of the device tested. Light and dark regions are the

aluminium film and bare sapphire substrate, respectively. A, coplanar waveguide (CPW)

through line used for excitation and readout. B, Meandered quarter-wavelength resonator

section, with an overall length of 3 mm, and resonance frequency around 10 GHz. C,

coupling capacitor. D, short-circuit termination. The coupling region is magnified in the

inset; the diagram shows the equivalent circuit. Both CPW lines have a 50Q characteristic

impedance, and are fabricated from a single 2,200-Å-thick aluminum film (T c ! 1.23 K)

using standard contact photolithography. The centre conductor of width 3 mm is

separated by 2-mm gaps from ground planes on either side. The fraction a of the total

inductance per unit length contributed by the surface inductance of the aluminium film

can be written as a sum of centre strip and ground plane terms, a ! acentre " aground.

These are calculated to be acentre < 0.04 and aground < 0.02 using a finite-element

method26, assuming an effective penetration depth l ! 50 nm. The measured resonator

quality factor Q ! f0 /Df is 52,500 at low temperatures T ,, Tc (Fig. 1). This device is

mainly sensitive to photon events in the centre strip (V ! 2,000mm3) of the CPW line

rather than in the ground plane, because the microwave current in the ground plane is

concentrated near the edge of the CPW line; quasiparticles generated in the ground plane

near the edge of the CPW line can easily diffuse away. Similarly, the device is more

sensitive to centre strip events occurring near the short-circuited end, where the

standing-wave pattern of the microwave current reaches a maximum. Quasiparticles

generated in the centre strip may also diffuse out of the short-circuited end; the peak

response therefore occurs roughly one diffusion length (,1mm) from this end. Photon

events in the through line are not seen, because there is no resonant enhancement of the

surface impedance effect.
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Antenna Coupling

Provides a way to couple incoming light to detectors without feedhorns 
and in a planar format fully consistent with photolithographic 
fabrication

20
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Multi-band Antenna-Coupled KIDs
6 x 6 spatial pixel array

x16 to make full focal plane
single pixel

phased
array 
antenna

bandpass filters
for 2 bands  
→ 4 bands

B0 (150 GHz) 
B1 (225 GHz) 
B2 (290 GHz) 
B3 (350 GHz)

KIDs
(four, one per 

band)
recent change: 
reduce length 
of Al section
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Wide-Band Multi-Scale Antenna

Same focal plane area can be used for multiple spectral bands
Pixel size scales with wavelength to ensure good matching to Airy 

function

Quadrant 1
(n slots
X n feeds)

Quadrant 2

Quadrant 4Quadrant 3

Band 6

Band 5

Band 4

Bands 1-3

Band 6

Band 5

Band 4

Bands 1-3

Band 6

Band 5

Band 4

Bands 1-3

Band 6

Band 5

Band 4

Bands 1-3

Band 1

Band 2

Band 3
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Multi-Scale Antennas
Coherently combine light from adjacent pixels after band-filtering

Same focal plane area can be used for multiple spectral bands

Pixel size scales with wavelength to ensure good matching to Airy function

Scalable technique provides natural match to the foregrounds challenges
Three-scale: 90/150, 220/290, 350/405 GHz: ideal SZ bands

Four-scale: 40, 60, 90/150, 220/290 GHz: ideal CMB polarization bands
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Performance
(a) reasonable KID response to temperature

(b) Dark noise below photon noise for the given spectral bands

(c) See generation-recombination noise at 290 mK

(d) Optical 
efficiency 
scales w/band 
in reasonable 
way
AR tuned for 

B3, B4

B4 need to be  
understood 
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Broadband Anti-Reflection-Structured Silicon Optics

Motivation
Crystalline silicon is excellent optical material:

High index
High conductivity
Low loss

But high index necessitates ARC
Need wide bandwidth ARC for applications

CMB pol: 40-300 GHz (7:1)
SZ: 90-405 GHz (6:1)
Origins Space Telescope: 25-500 µm (20:1)

Technique

25
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Antireflective Stacked Silicon Wafer Lenses
Radford

Figure 5: Concept of (a) a three layer, inverse topology AR structure with (b) the equivalent
thin film stack [38]. We propose to make multilayer broadband AR structures. Several optical
layers will be fabricated a flat silicon wafer using a novel multilevel DRIE procedure [2].
Individually patterned silicon wafers then will be stacked and bonded to form the complete
optic. 

applied to a surface with few-hundred-micron scale trenches 
in it, thus avoiding the concomitant coverage problems 
described previously.  

To convey this new DRIE process to etch N patterns of 
different depths in more detail, we denote the desired depth 
of the nth pattern as dn, in descending ordered so that dn > 
dn+1 as n runs from 1 to N. To achieve these depths, a total of 
N etches are performed with depths Gm (m = 1 to N) given by 
the difference between neighbouring etches, Gm = dn – dn+1. 
For the last etch GN = dN. Before each silicon etch, the SiO2 
mask is partially etched, revealing each etch pattern in turn. 
In this way, the first pattern to be exposed (with the deepest 
cumulative etch depth) will experience all N etches to give 
the desired total depth G1 + G2 + ... + GN = d1. The next-
deepest pattern will be exposed only after the first etch is 
completed, so that it experiences N-1 etches to give a depth 
G2 + G3 + ... + GN = d2, and so on. Taking the example of the 
6-step OMT presented before, Table 1 summarizes each step 
of the full process. 

 

 
 

Table 1: Each depth difference is calculated between the n and n+1 
steps. Starting from the deepest, the full process is completed by a 
cumulative etching in steps until each pattern’s depth target is reached. 

 
To ensure that the (n+1)th pattern has enough SiO2 mask 

thickness to withstand the silicon etching time of the (n)th 
pattern, we use the selectivity between SiO2 and silicon for 
our specific DRIE recipe (150:1) to calculate the SiO2 
thicknesses required for each etch pattern. Between etch 
steps, the SiO2 is removed uniformly over the entire wafer 
using a slow ICP etch recipe at ~70 nm/min to ensure precise 
control over the final target thickness. Table 2 gives a table 
with the thicknesses of SiO2 needed for the 6-step OMT 
example, and Fig. 5 presents a diagram showing visually 
how the SiO2 is patterned according to the desired etch 
depths of the structure.  

 

 
Table 2: Each depth corresponds to a SiO2 equivalent thickness; we 

cumulate those thicknesses to determine how much mask is needed for 
each n pattern. 

 
 

Fig. 5: Each equivalent SiO2 thickness is calculated for every step of the 
pattern. Bottom diagram: Visually showing how a thicker mask is 
needed for shallower etches. Between etches, SiO2 is uniformly removed 
over the wafer to expose each silicon etch pattern sequentially.  

 
Once the silicon etch depth target for the nth step is 

reached and verified with a profilometer, the SiO2 protective 
mask for the (n+1)th step is nearly gone. The remaining few 
nm must be etched in the ICP to expose the next silicon etch 
pattern, so that the DRIE can continue. This process is 
repeated for each step, until the final DRIE etch for 
shallowest feature of the design (77 µm in the example of the 
6-step OMT) is completed. Fig. 6 presents an SEM picture of 
this OMT using our multi-step DRIE process. 
 

 
 

Fig. 6: SEM pictures of the 6-step OMT after completion using our 
novel multi-step DRIE process. 
 

Compared to Fig. 4, Fig. 6 clearly shows that the multi-
step process offers much better pattern definition and shape 
control. No over-etching is observed near the edges and each 
step face is smooth with no etched holes. In addition, this 
multi-step DRIE process provides excellent control over the 
final depth for each step as we control the depth for each 
etching step using a profilometer, and we can therefore 
achieve tolerances better than 2% over the final depth target. 
 

III. RESULTS 
 

While working on the process optimization, various tests 
features were fabricated to validate each development step. 
Straight waveguide sections with H-plane and E-plane splits 
were fabricated and tested at the WR-1.5 (500-750 GHz) 
frequency band. Each waveguide split section is 12.5 mm 
long and are 100 Pm deep for the H-plane and 200 Pm deep 
for E-plane, respectively. Both straight silicon waveguide 
sections show losses around 0.08-0.10 dB/mm [12], 
comparable to metal machined waveguides. We also 
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Compared to Fig. 4, Fig. 6 clearly shows that the multi-
step process offers much better pattern definition and shape 
control. No over-etching is observed near the edges and each 
step face is smooth with no etched holes. In addition, this 
multi-step DRIE process provides excellent control over the 
final depth for each step as we control the depth for each 
etching step using a profilometer, and we can therefore 
achieve tolerances better than 2% over the final depth target. 
 

III. RESULTS 
 

While working on the process optimization, various tests 
features were fabricated to validate each development step. 
Straight waveguide sections with H-plane and E-plane splits 
were fabricated and tested at the WR-1.5 (500-750 GHz) 
frequency band. Each waveguide split section is 12.5 mm 
long and are 100 Pm deep for the H-plane and 200 Pm deep 
for E-plane, respectively. Both straight silicon waveguide 
sections show losses around 0.08-0.10 dB/mm [12], 
comparable to metal machined waveguides. We also 

Figure 6: Submm orthomode transducer fabricated with six layer DRIE [2]. (left) Etch
depths in silicon substrate and corresponding thicknesses of multilayer SiO2 hard mask.
(right) Electron micrograph of device shows excellent pattern definition and control of etch
depth.

lead to undesirable bubbles at the interface. Our mitigation strategies include starting
with optically polished silicon wafers; aligning the hole patterns on each wafer; and
etching subwavelength “pump out” lines in the interface planes perpendicular to the
optic axis to eliminate trapped volumes and to permit gas escape.

The resulting optical elements will be flat, gradient index lenses with integral broadband
antireflection structures. Multilevel DRIE of large arrays of holes in flat silicon wafers is a
natural extension of ongoing work [2]. Stacking of patterned wafers has been used at NIST to
make corrugated silicon feedhorn arrays for ACTPol and SPTpol (Figure 7) [39] and at JPL
to construct submm waveguide receiver components. Although these structures The achro-
matic AR layers and access to arbitrary optical prescriptions are substantial innovations,
demonstrated nowhere else to our knowledge.

Eventually, wafer stacking o↵ers an approach to making large diameter lenses. Because of
surface tension limits during the production process, high quality (float zone) silicon wafers
are limited to 20 cm diameter. By stacking interleaved hexagonal wafers, with each layer
horizontally o↵set from the others similar to bricks in a wall, larger diameter optics can be
constructed. This future development, outside the scope of this proposal, would build on
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Antireflective Stacked Silicon Wafer Lenses
Radford

Figure 5: Concept of (a) a three layer, inverse topology AR structure with (b) the equivalent
thin film stack [38]. We propose to make multilayer broadband AR structures. Several optical
layers will be fabricated a flat silicon wafer using a novel multilevel DRIE procedure [2].
Individually patterned silicon wafers then will be stacked and bonded to form the complete
optic. 

applied to a surface with few-hundred-micron scale trenches 
in it, thus avoiding the concomitant coverage problems 
described previously.  

To convey this new DRIE process to etch N patterns of 
different depths in more detail, we denote the desired depth 
of the nth pattern as dn, in descending ordered so that dn > 
dn+1 as n runs from 1 to N. To achieve these depths, a total of 
N etches are performed with depths Gm (m = 1 to N) given by 
the difference between neighbouring etches, Gm = dn – dn+1. 
For the last etch GN = dN. Before each silicon etch, the SiO2 
mask is partially etched, revealing each etch pattern in turn. 
In this way, the first pattern to be exposed (with the deepest 
cumulative etch depth) will experience all N etches to give 
the desired total depth G1 + G2 + ... + GN = d1. The next-
deepest pattern will be exposed only after the first etch is 
completed, so that it experiences N-1 etches to give a depth 
G2 + G3 + ... + GN = d2, and so on. Taking the example of the 
6-step OMT presented before, Table 1 summarizes each step 
of the full process. 

 

 
 

Table 1: Each depth difference is calculated between the n and n+1 
steps. Starting from the deepest, the full process is completed by a 
cumulative etching in steps until each pattern’s depth target is reached. 

 
To ensure that the (n+1)th pattern has enough SiO2 mask 

thickness to withstand the silicon etching time of the (n)th 
pattern, we use the selectivity between SiO2 and silicon for 
our specific DRIE recipe (150:1) to calculate the SiO2 
thicknesses required for each etch pattern. Between etch 
steps, the SiO2 is removed uniformly over the entire wafer 
using a slow ICP etch recipe at ~70 nm/min to ensure precise 
control over the final target thickness. Table 2 gives a table 
with the thicknesses of SiO2 needed for the 6-step OMT 
example, and Fig. 5 presents a diagram showing visually 
how the SiO2 is patterned according to the desired etch 
depths of the structure.  

 

 
Table 2: Each depth corresponds to a SiO2 equivalent thickness; we 

cumulate those thicknesses to determine how much mask is needed for 
each n pattern. 

 
 

Fig. 5: Each equivalent SiO2 thickness is calculated for every step of the 
pattern. Bottom diagram: Visually showing how a thicker mask is 
needed for shallower etches. Between etches, SiO2 is uniformly removed 
over the wafer to expose each silicon etch pattern sequentially.  

 
Once the silicon etch depth target for the nth step is 

reached and verified with a profilometer, the SiO2 protective 
mask for the (n+1)th step is nearly gone. The remaining few 
nm must be etched in the ICP to expose the next silicon etch 
pattern, so that the DRIE can continue. This process is 
repeated for each step, until the final DRIE etch for 
shallowest feature of the design (77 µm in the example of the 
6-step OMT) is completed. Fig. 6 presents an SEM picture of 
this OMT using our multi-step DRIE process. 
 

 
 

Fig. 6: SEM pictures of the 6-step OMT after completion using our 
novel multi-step DRIE process. 
 

Compared to Fig. 4, Fig. 6 clearly shows that the multi-
step process offers much better pattern definition and shape 
control. No over-etching is observed near the edges and each 
step face is smooth with no etched holes. In addition, this 
multi-step DRIE process provides excellent control over the 
final depth for each step as we control the depth for each 
etching step using a profilometer, and we can therefore 
achieve tolerances better than 2% over the final depth target. 
 

III. RESULTS 
 

While working on the process optimization, various tests 
features were fabricated to validate each development step. 
Straight waveguide sections with H-plane and E-plane splits 
were fabricated and tested at the WR-1.5 (500-750 GHz) 
frequency band. Each waveguide split section is 12.5 mm 
long and are 100 Pm deep for the H-plane and 200 Pm deep 
for E-plane, respectively. Both straight silicon waveguide 
sections show losses around 0.08-0.10 dB/mm [12], 
comparable to metal machined waveguides. We also 
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Figure 6: Submm orthomode transducer fabricated with six layer DRIE [2]. (left) Etch
depths in silicon substrate and corresponding thicknesses of multilayer SiO2 hard mask.
(right) Electron micrograph of device shows excellent pattern definition and control of etch
depth.

lead to undesirable bubbles at the interface. Our mitigation strategies include starting
with optically polished silicon wafers; aligning the hole patterns on each wafer; and
etching subwavelength “pump out” lines in the interface planes perpendicular to the
optic axis to eliminate trapped volumes and to permit gas escape.

The resulting optical elements will be flat, gradient index lenses with integral broadband
antireflection structures. Multilevel DRIE of large arrays of holes in flat silicon wafers is a
natural extension of ongoing work [2]. Stacking of patterned wafers has been used at NIST to
make corrugated silicon feedhorn arrays for ACTPol and SPTpol (Figure 7) [39] and at JPL
to construct submm waveguide receiver components. Although these structures The achro-
matic AR layers and access to arbitrary optical prescriptions are substantial innovations,
demonstrated nowhere else to our knowledge.

Eventually, wafer stacking o↵ers an approach to making large diameter lenses. Because of
surface tension limits during the production process, high quality (float zone) silicon wafers
are limited to 20 cm diameter. By stacking interleaved hexagonal wafers, with each layer
horizontally o↵set from the others similar to bricks in a wall, larger diameter optics can be
constructed. This future development, outside the scope of this proposal, would build on
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Stacked	Wafer	Gradient	Index	Silicon	Optics	with	
Integral	Antireflection	Layers

Fabrication: 2-Layer
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Fabrication: 2-Layer

Top view
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Zoom of top view 
Can see layer of holesTop view
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Fabrication: 2-Layer

Isometric view
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Zoom of top view 
Can see layer of holesTop view
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Fabrication: 2-Layer

Side view of cleaved wafer
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Two-Layer Results: Excellent!

Results from a wafer with 
the two-layer AR  
structure fabricated on 
both sides 
> 10 kΩ-cm → negligible loss
Did one set of test wafers to 

determine mapping from 
mask dimensions to  
fabricated dimension

Tweaked the HFSS sim to  
use the measured dimensions 
from a cleaved sample; 
slightly off from design

Likely can reliably hit  
desired dimensions with 
more fab practice
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< 1% reflection 
from two 

parallel faces!

covers entire 1-1.4 mm window!

sub-unity transmission due to 
measurement systematics, not loss
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Increased Bandwidth via More Layers

4-layer: > 3.2:1 bandwidth

6-layer: ~5.5:1 bandwidth!
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Wafer 1
445 um

Wafer 2
1.0 mm

254 um

191 um

134 um

104 um

104 um

134 um

254 um

191 um
Wafer 3
445 um

524 um

generously covers 0.85, 1-1.4, and 2 mm bands

4-layer

covers 0.75, 0.85, 1-1.4, 2, and 3 mm atmospheric bands

Fabry-Perot from 4 mm substrate

Wafer 1
445 um

Wafer 2
1.0 mm

254 um

191 um

134 um

104 um

104 um

134 um

254 um

191 um
Wafer 3
445 um

524 um
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Gradient Index Lenses

Hexagonal hole pattern
Size varying with radius to  

vary index
1 mm thickness wafers
Clamp many together
Fab in process

A couple clever tricks needed…
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~	26	um

~	74	um
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GRIN optic w/5 wafers + 2-
layer AR wafers

Standard silicon lens, no AR GRIN lens without AR GRIN lens with AR

Gradient Index Lenses

First results — very good!
Clearly, they work as lenses
AR structure reduces sidelobes
Properties:

focal length: 175 mm measured, 220 mm expected
beam waist: 3.4-3.9 mm measured, 3.5 mm expected
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Conclusion

Many exciting topics in cluster studies and instrumentation with SZ:

Analyses using in-hand and in-process data sets for various cluster science topics, 
also bearing on galaxy evolution via AGN feedback studies

Simulations of ultimate kSZ sensitivity: can we do cosmology with cluster peculiar 
velocities?

Development of detectors and optics for multiple spectral bands: ultimate kSZ search

Instrumentation upgrade, redeployment, and searches for kSZ

Many graduate opportunities, ranging from pure instrumentation to pure 
analysis (though a mix is typical and preferred)
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