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ABSTRACT
We present 13.9–18.2 GHz observations of the Sunyaev–Zel’dovich (SZ) effect towards
Abell 2146 using the Arcminute Microkelvin Imager (AMI). The cluster is detected with
a peak signal-to-noise ratio of 13σ in the radio source subtracted map from 9 h of data. Com-
parison of the SZ image with the X-ray image from Russell et al. suggests that both have
extended regions which lie approximately perpendicular to one another, with their emission
peaks significantly displaced. These features indicate non-uniformities in the distributions
of the gas temperature and pressure, and suggest complex dynamics indicative of a cluster
merger. We use a fast, Bayesian cluster analysis to explore the high-dimensional parameter
space of the cluster-plus-sources model to obtain robust cluster parameter estimates in the
presence of radio point sources, receiver noise and primordial cosmic microwave background
(CMB) anisotropy; despite the substantial radio emission from the direction of Abell 2146, the
probability of SZ + CMB primordial structure + radio sources + receiver noise to CMB +
radio sources + receiver noise is 3 × 106 : 1. We compare the results from three different clus-
ter models. Our preferred model exploits the observation that the gas fractions do not appear
to vary greatly between clusters. Given the relative masses of the two merging systems in
Abell 2146, the mean gas temperature can be deduced from the virial theorem (assuming all of
the kinetic energy is in the form of internal gas energy) without being affected significantly by
the merger event, provided the primary cluster was virialized before the merger. In this model
we fit a simple spherical isothermal β-model to our data, despite the inadequacy of this model
for a merging system like Abell 2146, and assume the cluster follows the mass–temperature
relation of a virialized, singular, isothermal sphere. We note that this model avoids inferring
large-scale cluster parameters internal to r200 under the widely used assumption of hydrostatic
equilibrium. We find that at r200 the average total mass MT = (4.1 ± 0.5) × 1014 h−1 M� and
the mean gas temperature T = 4.5 ± 0.5 keV.
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1 IN T RO D U C T I O N

Galaxy clusters are the largest collapsed structures known to exist in
the Universe. The masses of rich clusters can reach ≈1015 h−1 M�
and the more distant ones, from around z > 0.2, subtend several
arcminutes on the sky due to the slow variation of the angular
diameter distance with redshift. As a result, clusters are powerful
tracers of structure formation and evolution on scales of the order of
a few megaparsecs. According to the standard � cold dark matter
(�CDM) model, galaxy clusters form via hierarchical interactions
of smaller subsystems. During merger, these subclusters collide at
relative velocities of thousands of km s−1 and can release gravita-
tional binding energies of up to ∼1057 J, which can lead to shocks
in the intracluster medium (ICM). These conditions make cluster
mergers ideal places to study the dynamics of matter under extreme
conditions. The three assumed main components comprising the
cluster, namely galaxies, hot ionized gas and dark matter, exhibit
very different behaviours during subcluster mergers. The hot in-
tergalactic gas is heated and compressed by the hydrodynamical
shocks produced during the passage of the subcluster through the
core of the primary, whereas the dark matter and galaxies are col-
lisionless (see e.g. Markevitch & Vikhlinin 2007). As a result, the
gas is slowed down by ram pressure and is displaced from the dark
matter and the galaxies. Later, when the subcluster reaches regions
of lower gas density in the primary cluster, the ram pressure drops
sharply. Without as much ram pressure, the gas pressure and sub-
cluster gravity cause some of the subcluster gas, which had been
lagging behind the subcluster’s dark matter centre, to ‘slingshot’
past it. This gas is then left unbound from the subcluster and free to
expand adiabatically (Hallman & Markevitch 2004).

Abell 2146 is a cluster at z = 0.23 consisting of two merging
subclusters. The smaller subcluster passed through the centre of
the larger subcluster some 0.1–0.3 Gyr ago producing shock fronts
which have been detected by Chandra (Russell et al. 2010). These
shock fronts are unusual features which only show at a specific
stage in the cluster merger, before the shock reaches the outer, low-
surface-brightness regions, and at angles on the sky plane which
usually prevents the projection from hiding the density edge. There-
fore, it is not surprising that shock fronts with Mach numbers sig-
nificantly greater than one have only been detected in two other
clusters: 1E 0657−56 (Markevitch et al. 2002) – the ‘Bullet clus-
ter’ – and A520 (Markevitch 2006). Unlike A520, the Bullet cluster
and Abell 2146 appear to be at an early stage of the merger event,
where the cluster dynamics are simpler and the separation of the
hot gas and the dark matter components is clearer.

The thermal Sunyaev–Zel’dovich (SZ) effect provides an inde-
pendent way of exploring the physics of the intracluster gas and
examining typical cluster parameters such as core radius and gas
mass. When cosmic microwave background (CMB) photons tra-
verse a rich galaxy cluster some will be inverse Compton scattered
by the random thermal motion of the electrons in the intracluster
gas (Sunyaev & Zel’dovich 1970; Birkinshaw 1999). Unlike X-ray
surface brightness, SZ surface brightness is independent of red-
shift and is therefore well suited for the study of galaxy clusters
at any redshift. It is also less sensitive than X-ray measurements
to small-scale clumping and the complex dynamics associated with
the cluster core.

In this paper we present 16-GHz SZ effect images of Abell 2146
using Arcminute Microkelvin Imager (AMI). In Section 2 we dis-
cuss the telescope, while details of the observations and the reduc-
tion pipeline are given in Section 3. In Section 4 Bayesian inference
is introduced. Section 5 describes our analysis methodology, while

in Sections 6 and 7 we present the results and discuss their signifi-
cance. We present our conclusions in Section 8.

Throughout the paper we assume a concordance �CDM cosmol-
ogy with �m,0 = 0.3, ��,0 = 0.7, �k = 0, �b = 0.041, w0 = −1,
wa = 0, σ 8 = 0.8 and H0 = 100 km s−1 Mpc−1. Relevant parame-
ters are given in terms of the dimensionless Hubble parameter h =
H0/100 km s−1 Mpc−1, except where otherwise stated. We also refer
to hX = H0/X km s−1 Mpc−1. All coordinates are at epoch J2000.

2 THE TELESCOPE

AMI comprises two arrays: the Small Array (SA) which consists
of ten 3.7-m diameter antennas, and the Large Array (LA) with
eight 13-m antennas, located at Lord’s Bridge, Cambridge (AMI
Consortium: Zwart et al. 2008). The higher resolution and flux
sensitivity of the LA allows contaminating radio sources to be dealt
with. These sources can then be subtracted from the SA maps. A
summary of the technical details of AMI is given in Table 1. Further
details on the telescope can be found in AMI Consortium: Zwart
et al. (2008).

3 O B S E RVAT I O N S A N D DATA R E D U C T I O N

Observations of Abell 2146 were made by the SA and LA between
2009 November and 2010 March, yielding approximately 9 h of
good quality SA data; approximately the same amount of data suf-
fered from artefacts and were discarded. Data reduction was per-
formed using REDUCE, a local software tool developed for the Very
Small Array (VSA; Watson et al. 2003) and AMI (see e.g. AMI
Consortium: Zwart et al. 2008 for further details). This package is
designed to apply path delay corrections and a series of algorithms
tailored to remove automatically bad data points arising from inter-
ference, shadowing, hardware and other errors. We apply amplitude
clips at a 3σ level. Periods where the data have been contaminated
by interference are excised. These interference signals are identified
as persistent high-amplitude signals in the lag domain, which ap-
pear in all the lag channels. The system temperature is monitored by
a modulated noise signal sent to the front-end of each antenna and
synchronously detected at the end of each intermediate-frequency
channel and is used in REDUCE to correct the amplitude scale on an
antenna basis. If the system temperature falls below 10 per cent
of the nominal value of an antenna the associated data points are
removed. For further details on the AMI reduction pipeline see
Hurley-Walker (2009). Additional manual flagging of remaining
bad data points is done to ensure the quality of the data. The corre-
lator data are then Fourier transformed into the frequency domain
and stored on disc in FITS format.

Flux calibration was performed using short observations of pri-
mary calibrators, either 3C 48 or 3C 286. The flux densities for
3C 48 and 3C 286, see Table 2, are in agreement with Baars et al.
(1977) at 16 GHz. Since Baars et al. (1977) measure I, as opposed
to AMI which measures I + Q, the flux densities were corrected by
interpolating from Very Large Array (VLA) 5-, 8- and 22- GHz ob-
servations. Previous tests have shown this calibration to be accurate
to better than 5 per cent (AMI Consortium: Scaife et al. 2009). The
phase is calibrated using interleaved calibrators selected from the
Jodrell Bank VLA Survey (Patnaik et al. 1992; Browne et al. 1998;
Wilkinson et al. 1998) based on their proximity and flux density.
The phase calibrators used for the observations of Abell 2146 were
J1642+6856 for the SA and J1623+6624 for the LA. These phase
calibrators were interleaved approximately every hour for the SA
and every 10 min for the LA.
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Table 1. AMI technical summary.

SA LA

Antenna diameter 3.7 m 12.8 m
Number of antennas 10 8

Baseline lengths (current) 5–20 m 18–110 m
Primary beam at 15.7 GHz 20.1 arcmin 5.5 arcmin

Synthesized beam ≈3 arcmin ≈30 arcsec
Flux sensitivity 30 mJy s−1/2 3 mJy s−1/2

Observing frequency 13.9–18.2 GHz 13.9–18.2 GHz
Bandwidth 4.3 GHz 4.3 GHz

Number of channels 6 6
Channel bandwidth 0.72 GHz 0.72 GHz

Table 2. Assumed I+Q flux densities of 3C 286 and 3C 48, and errors on
flux measurements in each frequency channel, over the commonly used AMI
SA bandwidth.

Channel ν (GHz) S3C 286 (Jy) S3C 48 (Jy) σ S

3 14.2 3.61 1.73 6.5 per cent
4 15.0 3.49 1.65 5.0 per cent
5 15.7 3.37 1.57 4.0 per cent
6 16.4 3.26 1.49 3.5 per cent
7 17.1 3.16 1.43 4.0 per cent
8 17.9 3.06 1.37 7.0 per cent

3.1 Source subtraction

Contamination from radio point sources at ≈15 GHz can signif-
icantly obscure the SZ signal and must therefore be taken into
account in any SZ effect analyses at these frequencies. The higher
resolution and flux sensitivity of the LA is exploited to determine
the position of the sources in the SA maps accurately in a short
amount of time. Local maxima on the continuum LA maps above
4σ n, where σ n is the corresponding value in Janskys per beam at that
pixel in the noise map, are identified as LA detected sources using
AMI-developed source extraction software (see AMI Consortium:
Franzen et al. 2010). Out of these LA-detected sources only those
which appear within 0.1 of the SA power primary beam having an
apparent flux above 4σ n on the SA map are included in the source
model.

Every source in the source model is parametrized by a position,
a spectral index and a flux density whose priors are based on the
LA measurements. The source model is analysed by Monte Carlo
Astronomical Detection and Measurement (MCADAM), a Bayesian
analysis package for cluster detection and parameter extraction de-
veloped by Marshall, Hobson & Slozar (2003) and adapted for AMI
by Feroz et al. (2009b), which fits a probability distribution to the
source flux densities at the positions given by the LA. The source
flux densities are fitted by MCADAM to allow for possible inter-
calibration difference between the two AMI arrays and for source
variability. The mean source flux-density values are then used to
subtract the sources from the SA map.

4 BAY ESIAN A NA LY SIS O F C LUSTERS

4.1 Bayesian inference

The cluster analysis software implemented in this paper (Marshall
et al. 2003) is based on Bayesian inference. This robust methodology
constrains a set of parameters, �, given a model or hypothesis, H,

and the corresponding data, D, using Bayes’ theorem:

Pr(�|D, H ) ≡ Pr(D|�,H ) Pr(�|H )

Pr(D|H )
. (1)

Here Pr(�|D, H ) ≡ P (�) is the posterior probability distri-
bution of the parameters, Pr(D|�, H ) ≡ L(�) is the likeli-
hood, Pr(�|H ) ≡ π (�) is the prior probability distribution and
Pr(D|H ) ≡ Z the Bayesian evidence. If chosen wisely, incorpo-
rating the prior knowledge into the analysis reduces the amount of
parameter space to be sampled and allows meaningful model selec-
tion. Bayesian inference can serve as a tool for two main purposes.

(i) Parameter estimation – in this case, the evidence factor can
be neglected since it is independent of the model parameters, �.
Sampling techniques can then be used to explore the unnormalized
posterior distributions. One obtains a set of samples from the pa-
rameter space distributed according to the posterior. Constraints on
individual parameters can then be obtained by marginalizing over
the other parameters.

(ii) Model selection – the evidence is crucial for ranking models
for the data. It is defined as the factor required for normalizing the
posterior over �

Z =
∫

L(�)π (�) dD�, (2)

where D is the dimensionality of the parameter space. This fac-
tor represents an average of the likelihood over the prior and will
therefore favour models with high likelihood values throughout the
entirety of parameter space. This satisfies Occam’s razor which
states that the evidence will be larger for simple models with com-
pact parameter spaces than for more complex ones, unless the latter
fit the data significantly better. Deciding which of two models, H0

and H1, best fits the data can be done by computing the ratio

Pr(H1|D)

Pr(H0|D)
= Pr(D|H1)Pr(H1)

Pr(D|H0)Pr(H0)
= Z1

Z0

Pr(H1)

Pr(H0)
, (3)

where Pr(H1)/Pr(H0) is the prior probability ratio set before any
conclusions have been drawn from the data set.

4.2 Nested sampling

Nested sampling is a Monte Carlo method introduced by Skilling
(2004) which focuses on the efficient calculation of evidences
and generates posterior distributions as a by-product. Feroz &
Hobson (2008) and Feroz, Hobson & Bridges (2009a) have de-
veloped this sampling framework and implemented the MULTINEST

algorithm. This algorithm can sample from posterior distributions
where multiple modes and/or large (curving) degeneracies are
present. This robust technique has reduced by a factor of ≈100
the computational costs incurred during Bayesian parameter esti-
mation and model selection. For this reason the analysis in this
paper is based on this technique.

5 PH Y S I C A L M O D E L A N D A S S U M P T I O N S

5.1 Interferometric data model

An interferometer, like AMI, operating at a frequency, ν, measure
samples from the complex visibility plane Ĩν(u). These are given
by a weighted Fourier transform of the surface brightness, Iν(x):

Ĩν(u) =
∫

Aν(x)Iν(x) exp(2πiu · x) d2x, (4)
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Table 3. Summary of the derived parameters
for each cluster model.

Derived parameter Model

r200 and r500/h−1 Mpc All
MT(r200) and MT(r500)/h−1 M� All

Mg(r500)/h−2 M� All
y All
ne All

T keV M2, M3
f g(r200)/h−1 M1
f g(r500)/h−1 All

where x is the position relative to the phase centre, Aν(x) is the
(power) primary beam of the antennas at an observing frequency, ν

(normalized to unity at its peak) and u is the baseline vector in units
of wavelength. In our model we assume the measured visibilities
can be defined as

Vν(ui) = Ĩν(ui) + Nν(ui), (5)

where Ĩν(u) is the signal component, which contains contributions
from the cluster SZ effect signal and identified radio point sources
and Nν(ui) is a generalized noise component that includes signals
from unresolved point sources, primordial CMB anisotropies and
instrumental noise.

5.2 Cluster models

In order to calculate the contribution of the cluster SZ signal to
the visibility data the Comptonization parameter of the cluster, y(s),
across the sky must be determined (see Feroz et al. 2009b for further
details). This parameter is the integral of the gas pressure along the
line of sight l through the cluster:

y(s) = σT

mec2

∫ ∞

−∞
nekBT dl ∝

∫ +rlim

−rlim

ρgT dl, (6)

where σ T is the Thomson scattering cross-section, ne is the electron
number density, which is derived from equation (9), me is the elec-
tron mass, c is the speed of light and kB is the Boltzmann constant.
s = θDθ is the deprojected radius such that r2 = s2 + l2 and Dθ is
the angular diameter distance to the cluster which can be calculated
for clusters at redshifts, z, using

Dθ = c
∫ z

0 H−1 (z′) dz′

(1 + z)
. (7)

We set rlim in equation (6) to 20 h−1 Mpc – this result has been tested
and shown to be large enough even for small values of β (Marshall
et al. 2003).

The cluster geometry, as well as two linearly independent func-
tions of its temperature and density profiles, must be specified to
compute the Comptonization parameter. For the cluster geometry
we have chosen a spherical cluster model as a first approximation.
The temperature profile is assumed to be constant throughout the
cluster. An isothermal β-model is assumed for the cluster gas den-
sity, ρg (Cavaliere & Fusco-Fermiano 1978):

ρg(r) = ρg(0)[
1 + (r/rc)

2
]3β/2 , (8)

where

ρg(r) = μene(r), (9)

μe = 1.14mp is the gas mass per electron and mp is the proton mass.
The core radius, rc, gives the density profile a flat top at low r/rc

and ρg has a logarithmic slope of 3β at large r/rc.
Parameter estimates can depend on the way the cluster model

is parametrized. We examine the impact of different physical as-
sumptions by presenting the parameter estimates for Abell 2146
obtained using three different cluster parametrizations (or ‘mod-
els’). Modelled sources for all three models are characterized by
three parameters: position, flux density and spectral index. The cor-
responding priors for these parameters are given in Section 5.3.2.
The parametrizations of the sources and the source priors are the
same in all three models, unlike the cluster parametrizations which
do change between models. The mean values fitted by our MCADAM

software to both the source and cluster sampling parameters will,
however, vary for each cluster model. We proceed to describe our
three cluster parametrizations and their results.

Tables 3 and 4 indicate which parameters are derived in each
model and the assumptions made in each case. A summary of the
sampling parameters for each model together with their priors is
given in Table 5.

5.2.1 Cluster model 1

Our first model, henceforth M1, is based on traditional methods for
the analysis of SZ and X-ray data. The sampling parameters for M1
are

(i) (xc, yc) – the position of the cluster centroid on the sky;
(ii) T – the temperature of the cluster gas, which is assumed to

be uniform;

Table 4. Summary of the main assumptions made in the calculation of the derived parameters
for each model. H stands for hydrostatic equilibrium, M–T for the mass–temperature relation
given in equation (20), B for isothermal β-profile, S for spherical geometry and N/A means not
applicable, since that parameter is a sampling parameter for that particular model.

Model assumptions
Derived parameter Model 1 Model 2 Model 3

r200/h−1 Mpc H, S, B; equation (14) S; equation (12) S; equation (12)
MT(r200) S; equation (12) Equation (15) Equation (15)

f g(r200)/h−1 Equation (15) N/A N/A
Mg(r500)/h−2 M� S, B; equation (16) S, B; equation (16) S, B; equation (16)

r500/h−1 Mpc H, S, B; equation (14) H, S, B; equation (14) H, S, B; equation (14)
MT(r500) S; equation (12) S; equation (12) S; equation (12)

f g(r500)/h−1 Equation (15) Equation (15) Equation (15)
T keV N/A H; equation (17) M–T; equation (20)

C© 2011 The Authors, MNRAS 414, 3751–3763
Monthly Notices of the Royal Astronomical Society C© 2011 RAS

Downloaded from https://academic.oup.com/mnras/article-abstract/414/4/3751/1000631
by Leiden University user
on 23 November 2017



Sunyaev–Zel’dovich observation of Abell 2146 3755

Table 5. Summary of the priors for the sampling parameters in each model.

Parameter Models Prior type Values Origin

xc, yc arcsec All Gaussian at xX-ray, σ = 60 arcsec 15h56m07s, + 66◦21′35′ ′ Ebeling et al. (2000)
β All Uniform 0.3–2.5 Marshall et al. (2003)

Mg(r200)/h−2 M� All Uniform in log 1013–1015 Physically reasonable
rc/h−1 kpc All Uniform 10–1000 Physically reasonable

z All delta 0.23 Ebeling et al. (2000)
f g(r200)/h−1 M2, M3 Gaussian, σ = 0.016 0.12 Larson et al. (2011)

T keV M1 delta 6.7 Russell et al. (2010)

(iii) β – defines the outer logarithmic slope of the β profile;
(iv) rc – gives the density profile a flat top at low r;
(v) Mg(r200) – the gas mass inside a radius, r200, which is the

radius at which the average total density is 200 times ρcrit, the
critical density for closure of the Universe;

(vi) z – the cluster redshift.

In applying this cluster model to Abell 2146 both z and T are
assumed to be known, which is equivalent to assigning them delta-
function priors (see Table 5).

The derived parameters for M1 are

(i) rX – the radius at which the average total density is X times
ρcrit;

(ii) MT(rX) – the total cluster mass within the radius rX ;
(iii) Mg(rX) – the cluster gas mass within the radius rX ;
(iv) f g(rX) – the cluster average gas fraction within the radius rX ;
(v) ρg(0) – the central gas density;
(vi) y(0) – the central Comptonization parameter.

In this model, the cluster gas is assumed to be in hydrostatic
equilibrium with the total gravitational potential of the cluster, �,
which is dominated by dark matter. As a result, the gravitational
potential must satisfy

d�

dr
= − 1

ρg

dp

dr
. (10)

This equation can be simplified if the cluster gas consists purely of
ideal gas with a uniform temperature, T , to give

d log ρg

d log r
= − Gμ

kBT

MT (r)

r
, (11)

where μ is the mass per particle, μ ≈ 0.6mp ≈ (0.6/1.14)μe (see
Marshall et al. 2003). Expressions for the total mass of the cluster,
MT(rX), can be obtained for spherical symmetry:

MT(rX) = 4π

3
r3
XXρcrit, (12)

or by integrating the isothermal β-model for the density profile in
(11):

MT(rX) = r3
X

r2
c + r2

X

3βkBT

Gμ
. (13)

Combining equations (12) and (13) leads to an expression for rX ,

rX =
√

9βkBT

4πμGXρcrit
− r2

c . (14)

The total mass of the cluster within a certain radius, MT(rX), is sub-
sequently determined by substituting rX into equation (12). Once
MT(rX) and Mg(rX) are known, the gas fraction, f g(rX), can be com-
puted using the relation

fg(rX) = Mg(rX)

MT(rX)
. (15)

We consider values for X = 200 and 500. For X = 500, Mg(rX) is
not a sampling parameter but is calculated using the expression

Mg(rX) = ρg(0)
∫ rX

0

4πr ′2[
1 + (

r ′2/r2
c

)]3β/2 dr ′, (16)

Also, ρg(0), in equation (8), can be recovered by numerically inte-
grating the gas density profile up to r200, equation (16), and setting
the result equal to Mg(r200).

5.2.2 Cluster model 2

Our second model, M2, has the same sampling parameters as
M1 with the exception of T , which becomes a derived parame-
ter, and f g(r200), which becomes a sampling parameter. Sampling
from f g(r200) and Mg(r200) allows MT(r200) to be calculated using
equation (15). r200 can then be computed simply by rearranging
equation (12). The temperature of the cluster gas can be obtained
by combining equations (11) and (8) to yield

T = Gμ

3kBβ

MT(r200)
(
r2

c + r2
200

)
r3

200

, (17)

which is based upon the assumption that the cluster is in hydrostatic
equilibrium and described well by a β-profile. The derived parame-
ters at r500 are calculated in the same way as in M1; once Mg(r500) is
obtained from equation (16) and r500 from equation (14), MT(r500)
is calculated by assuming the cluster is spherical, equation (12).
f g(r500) can then be recovered using the relation in equation (15).

5.2.3 Cluster model 3

In the third model, M3, the sampling and derived parameters are the
same as in M2. The only difference between M2 and M3 is the way
T is calculated. M3 uses an M–T relation to derive T which allows
T to be obtained without relying on the cluster being in hydrostatic
equilibrium, a necessary assumption in M2. Moreover, at r200, all the
other cluster parameter estimates of M3 are free from the assumption
of hydrostatic equilibrium. However, this assumption needs to be
made to obtain cluster parameters at r500 (see Section 5.2.2).

If the cluster is assumed to be virialized and to contain a small
amount of unseen energy density in the form of turbulence, bulk
motions or magnetic fields, the average cluster gas temperature, T ,
can be obtained using the mass–temperature (M–T) relation for a
singular, isothermal sphere (SIS) based on the virial theorem:

kBT = GμMT

2r200
(18)

= Gμ

2 (3/(4π (200ρcrit)))
1/3 M

2/3
T (19)
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= 8.2 keV

(
MT

1015 h−1 M�

)2/3 (
H (z)

H0

)2/3

, (20)

where H is the Hubble parameter. In our cluster model we use the
well-behaved β-profile, equation (8), rather than the SIS density
profile which is singular at r = 0. This different choice for the density
profile will introduce a factor to the M–T relation in equation (20).
From cluster simulations we find that this factor varies between 0.7
and 1.2.

5.2.4 M–T relation and hydrostatic equilibrium

The results obtained from running MCADAM with three different
models are useful for assessing the validity of some of the as-
sumptions made in each model. Traditional models tend to assume
clusters are isothermal, spherical, virialized and in hydrostatic equi-
librium. All of these assumptions are particularly inappropriate for
cluster mergers like Abell 2146. The first two assumptions are made
in the three models presented in this paper to simplify the cluster
model; but note that the spherical assumption is not bad here be-
cause our SZ measurements are sensitive to the larger scales of the
cluster.

M2 also assumes hydrostatic equilibrium to obtain an estimate
for T . After the gravitational collapse of a cluster, the hot gas in
the ICM tends to reach equilibrium when the force exerted by the
thermal pressure gradient of the ICM balances that from the cluster’s
own gravitational force. An underlying assumption is that the gas
pressure is provided entirely by thermal pressure. In reality, there
are many non-thermal sources of pressure support present in most
clusters such as turbulent gas motions which can provide ≈10–
20 per cent of the total pressure support even in relaxed clusters
(Schuecker, Bohringer & Voges 2004; Rasia et al. 2006). In the
case of Abell 2146, a complex merging system with two detected
shocks propagating at ≈1900 and 2200 km s−1 (Russell et al. 2010),
there is significant non-thermal pressure support provided by bulk
motions in the ICM.

Relating radius, temperature and total mass via the virial theorem
in practice also assumes that the kinetic energy is in the form of
internal energy of the particles, as evidenced by the SZ signal, so
that turbulent motions, bulk motions and everything else are ignored.
But this use of the virial theorem has an advantage over hydrostatic
equilibrium in the case of Abell 2146 since our knowledge of the
mass ratio of the two merging systems enables us to set a limit on
the degree to which the use of the M–T relation, T ∝ M

2/3
T , biases

our temperature estimate.
Russell et al. (2010) find the fractional mass of the merging

cluster to be between 25 and 33 per cent, in which case the average
temperature of the merging system will be ≈10 per cent higher
when all the gas mass of the subcluster has merged with that of the
primary cluster than prior to the start of the merger event. Therefore,
provided the primary cluster was virialized pre-merger, our estimate
for T using the M–T relation in equation (20) is little affected by
the merger.

5.3 Priors

5.3.1 Cluster priors

For simplicity the priors are assumed to be separable. The priors
used in the analysis of Abell 2146 are given in Table 5.

We note that, although the prior on Mg(r200) assumes the cluster
produces a non-zero SZ effect, it is wide enough that our results

will not be biased. In fact, our posterior distributions for Mg(r500)
peak at Mg(r500) > 3 × 1013/h−2 M� and have fallen to zero by
Mg(r500) > 2 × 1013/h−2 M�, while our prior for Mg(r200) extends
down to 1 × 1013/h−2 M�.

The prior on the gas mass fraction was set to a Gaussian centred
at the Wilkinson Microwave Anisotropy Probe 7 yr (WMAP7) best-
fitting value, f g = 0.12 h−1, with σ = 0.016 h−1. This result was
obtained from WMAP7 estimates of �m = 0.266 ± 0.029, �b =
0.0449 ± 0.0028 and h = 0.710 ± 0.025 using the relation f b =
�b/�m, where f b is the universal baryon fraction (Larson et al.
2011). The prior on f g can be based on f b since f g in clusters at
large radii approaches f b. The prior on the position of the cluster
was a Gaussian with σ = 60 arcsec centred at the X-ray centroid.

5.3.2 Source priors

As with the cluster priors, the source priors are assumed to be
separable, such that

π (�S) = π (xs)π (ys)π (S0)π (α).

π (xs) and π (ys) are given delta priors at the source position found
from the high-resolution LA maps. The flux-density priors for mod-
elled sources on the other hand are chosen to be Gaussians centred
on the flux-density value given by the LA with σ ≈ 40 per cent
of the LA source flux. Tight constraints on the flux-density priors
are best avoided due to interarray calibration differences and source
variability. The channel flux densities taken from the LA data are
used to calculate an estimate for the spectral index of each source.
The spectral index prior is then set as a Gaussian centred at the
predicted LA value with a width σ = 1.

6 R ESULTS

6.1 Maps and evidences

15 sources were detected above 4σ n on the LA map (Fig. 1).
MCADAM was used to determine the flux densities and spectral
indices of these sources in the SA data. The standard AIPS tasks

Figure 1. LA contour map.
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were used to CLEAN the images with a single CLEAN box. No primary
beam correction has been applied to the AMI maps presented in
this paper such that the thermal noise, σ n, is constant throughout
the map. The task IMEAN was applied to the data to determine the
noise level on the maps. Contours increasing linearly in units of σ n

were used to produce all the contour maps. The half-power contour
of the synthesized beam for each map is shown at the bottom left
of each map.

Further analysis was undertaken in the visibility plane taking into
account receiver noise, radio sources and contributions from pri-
mary CMB imprints. Figs 2 and 3 show the SA maps of Abell 2146

Figure 2. SA map before source subtraction. The crosses indicate the po-
sition of the sources detected on the LA map.

Figure 3. SA contour map after source subtraction. The letters represent
the position of the sources detected on the LA map.

before and after radio source subtraction. The source subtraction
was performed at the LA source position using the mean flux-
density estimates given by the MCADAM results of M3 (Table 6).
Sources with a high signal-to-noise ratio and close to the pointing
centre tend to have good agreement between flux densities mea-
sured by the LA and those obtained by MCADAM. Possible reasons
for source flux-density discrepancies between the arrays, in partic-
ular for the remaining sources, include a poorer fit of the Gaussian
modelled primary beam at large uv distances from the pointing cen-
tre, loss of signal due to the white light fringes falling off the end
of the correlator, time and bandwidth smearing, correlator artefacts,
source variability and, some sources with low signal-to-noise ratios
detected on the LA, might appear as noise features on the SA.

It should be noted that, since a single flux-density value is used for
subtracting the modelled sources in the map plane, the radio source
subtracted map does not reflect the uncertainty in the MCADAM de-
rived flux-density estimates.1 Nevertheless, flux-density estimates
given by MCADAM have been tested in Feroz et al. (2009b) and
shown to be reliable. Fig. 9 (later) shows that there is no degeneracy
between the flux density fitted for source A in Fig. 3 and the fitted
values for Mg(r200), the cluster gas mass within r200. The detection
of Abell 2146 in the AMI data is confirmed by comparing the evi-
dence obtained by running MCADAM with a model including SZ +
CMB primordial structure + radio sources + receiver noise and
the null evidence, which corresponds to a model without a clus-
ter, i.e. simply CMB + radio sources + receiver noise. The first
model, which included an SZ feature, was found to be e15 times
more probable than one without.

In Fig. 4 a 0.6-kλ taper is used to enhance large-scale structure
and consequently the signal-to-noise ratio of the SZ effect. The peak
decrement in it is ≈13σ .

The AMI SZ maps are compared to the Chandra X-ray emission
and projected temperature maps for Abell 2146 in the discussion
(Section 7).

6.2 Parameter estimates from three cluster models

MCADAM was run on the same Abell 2146 data for each of the
three models described in Section 5.2. The results obtained for
these models are shown in Figs 5–11.The contours in all the 2D
marginalized posterior distributions represent 68 and 95 per cent
confidence limits. Axis labels for Mg(r200) are in units of 1013 for
clarity.

6.2.1 Cluster model 1

The 2D and 1D marginalized posterior probability distributions for
the parameters of M1 are depicted in Figs 5 and 6, respectively.

M1 is representative of the more conventional method for ex-
tracting cluster parameters from SZ data. In this model, the average
cluster gas temperature within r200 is assumed to be known, from X-
ray measurements, allowing the morphology of the cluster, namely
rX , to be inferred by assuming the cluster is spherical, in hydro-
static equilibrium and described well by an isothermal β-model.
The overall bias on rX arises from all of these assumptions, which
are particularly unphysical in a cluster merger like Abell 2146, and

1 Note that, unlike for the radio source subtracted maps, when obtaining
estimates for the cluster parameters the whole probability distribution for
the source flux density is taken into account, such that a larger uncertainty
in the source flux densities will lead to wider distributions in the cluster
parameters.
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Table 6. List of the detected sources with their J2000 position coordinates, as determined by the LA map. Columns 3
and 4 show the flux densities of the detected sources at 16 GHz (S16) given by MCADAM using M3 with their associated
Gaussian errors. For comparison, the LA measured flux densities at the same frequency are given. The letters represent
the labelled sources in Fig. 3.

Source RA (h m s) Dec. (◦ ′ ′′) MCADAM-fitted S16 (mJy) σ LA S16 (mJy)

A 15 56 04.23 +66 22 12.94 5.92 0.18 5.95
B 15 54 30.95 +66 36 39.58 0.60 0.29 0.61
C 15 56 14.30 +66 20 53.45 1.83 0.14 1.70
D 15 56 36.51 +66 35 21.65 2.15 0.15 1.65
E 15 55 57.42 +66 20 03.11 1.65 0.08 1.64
F 15 58 10.23 +66 24 35.72 1.49 0.12 1.29
G 15 54 03.96 +66 28 41.90 1.12 0.15 0.74
H 15 55 25.67 +66 22 03.96 0.48 0.05 0.67
I 15 55 10.84 +66 19 45.82 0.61 0.06 0.65
J 15 57 09.46 +66 22 37.62 0.43 0.06 0.63
K 15 54 47.50 +66 28 37.43 0.91 0.09 0.53
L 15 54 49.11 +66 14 21.49 0.72 0.09 0.47
M 15 56 15.40 +66 22 44.48 0.16 0.07 0.43
N 15 56 27.90 +66 19 43.82 0.11 0.05 0.33
O 15 57 56.10 +66 22 49.80 0.30 0.07 0.49

Figure 4. SA map after source subtraction using a 0.6-kλ taper. The crosses
represent the position of the sources detected on the LA map.

is therefore expected to be large. Indeed, by comparing Figs 6 and
11 we find that r200 is overestimated with respect to the value ob-
tained in M3, our most physically motivated model. Moreover, in
M1, Mg(rX) for X = 500 and 1000 depends on rX , which results in
the bias on rX to be propagated to the remaining derived parameters
for these values of X.

6.2.2 Cluster model 2

The 2D and 1D marginalized posterior probability distributions for
the parameters of M2 are depicted in Figs 7 and 8.

M2 introduces a new sampling parameter, f g(r200). Sampling
from this parameter allows more prior information to be included
in the analysis, which has the effect of constraining the parame-
ter distributions better than in M1. It has a great advantage over
M1, namely, the only parameter obtained by assuming hydrostatic

equilibrium is the temperature, which is not used explicitly in the
calculation of the other derived parameters at r200.

Fig. 9 shows the 2D marginalized posterior distribution for the
flux density of source A, SA, and Mg(r200) – we choose to plot SA

since source A is the brightest source close to the pointing centre.
One can see from Fig. 9 that SA and Mg(r200) do not appear to be
significantly correlated. This is confirmed by the sample correlation,
which was found to be 0.12. We note that the sample correlation
remains unaffected by shifts of origin or changes of scale in SA and
Mg(r200). The flux density of source A is given a Gaussian prior and
yet the LA-measured and McAdam-derived flux-density estimates
for this source are very close.

6.2.3 Cluster model 3

The 1D and 2D marginalized posterior probability distributions for
the parameters of M3 are presented in Figs 10 and 11.

The only difference between M2 and M3 is in how the average
cluster gas temperature at r200, T , is calculated. To obtain an estimate
for T , M2 assumes the cluster is in hydrostatic equilibrium while
M3 uses the M–T relation in equation (20), which assumes the
cluster is virialized and contains no unseen energy density.

7 D ISCUSSION

7.1 Comparison with X-ray maps

Two new Chandra observations of Abell 2146 were taken in 2009
April (Russell et al. 2010). Fig. 13 shows the exposure-corrected
X-ray image taken in the 0.3–5.0 keV energy band smoothed with
a 2D Gaussian of σ = 1.5 arcsec superimposed with the AMI SZ
effect from Fig. 3. The AMI uv coverage is well filled and goes
down to ≈180λ which corresponds to a maximum angular scale
of ≈10 arcmin or a cluster radius of ≈1.1 Mpc. Thus, in practice,
the SZ signal traces a more extended region of the gas than the
X-ray data. Any small features in the cluster environment are not
resolved by the SA maps which consequently appear much more
uniform than the X-ray maps. Nevertheless, given the synthesized
beams in Figs 3 and 4 the SZ effects in these two figures appear
to show signs of some real extended emission. To verify that we
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Figure 5. Two-dimensional marginalized posterior distributions for the
sampling parameters of Abell 2146 – M1.

Figure 6. One-dimensional posterior probability distributions for selected
derived parameters of Abell 2146 – M1. We note that the axes for the plots
of the 1D and 2D marginalized posterior distributions of both the sampling
and derived parameters are tailored to suit the results of each model and will
therefore be different in each case.

have resolved the SZ decrement we bin the data from the CLEANed,
radio source subtracted, non-tapered map of Abell 2146, Fig. 2, in
bins of 100λ and plot it against baseline; see Fig. 12. The signal
steadily becomes more negative from scales of 800λ to 200λ; it is
on these larger scales that we find the most negative binned value
for the SZ decrement, demonstrating the sensitivity of the SA to
large angular scales. To determine the shape of the cluster in greater
detail high-resolution SZ observations are needed.

During a cluster merger, elongations in the dark matter and gas
components are expected. In general, the orientation of this elon-
gation for both components tends to be parallel to the merger axis,

Figure 7. Two-dimensional marginalized posterior distributions for the
sampling parameters of Abell 2146 – M2.

Figure 8. One-dimensional marginalized posterior distributions for the de-
rived parameters of Abell 2146 – M2.

though the gas component can also be extended in a direction per-
pendicular to the merger axis due to adiabatic compressions in the
ICM (Roettiger, Loken & Burns 1997), as shown in simulations
of cluster mergers (Poole et al. 2007). We fitted a six-component
(position, peak intensity, major and minor axes and position angle)
elliptical Gaussian to the SZ decrement in our 0.6 tapered map,
Fig. 4, and a zero level using the AIPS task JMFIT. The results for
the parameters defining the shape of the fitted ellipse are given in
Table 7. The nominal results indicate that the semimajor axis has
a position angle of 46◦. The orientation of the SZ signal along this
axis seems to be ≈orthogonal to the elongation of the X-ray signal;
see Fig. 13. Shock fronts like the ones observed in Abell 2146 can
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Figure 9. Two-dimensional marginalized posterior distribution for the flux
of source A shown in Fig. 3, SA, and the cluster gas mass within r200,
Mg(r200).

only be detected during the early stages of the merger, before they
have reached the outer regions of the system which suggests that
the gas disturbances in the cluster periphery are less intense than
those near the dense core.

This is supported by the different signal distributions of the X-ray
and SZ effect data. The gas is relatively undisturbed in the cluster
periphery while in the inner regions the core passage has displaced
the local gas at right angles to the merger axis (Russell et al. 2010).

The total mass can also be estimated from the X-ray MT(r500)–T
relation (e.g. Vikhlinin et al. 2006; note that here we use a different
scaling relation than elsewhere since we are concerned with cluster
parameters at r500). Excluding the cool core region, the X-ray spec-
troscopic temperature is 7.5 ± 0.3 keV, which corresponds to a mass
MT(r500) ≈ 7 ± 2 × 1014 M� (using h70 = 1.0). This method will
likely overestimate the cluster mass as we expect the temperature
to have been temporarily boosted during this major merger by a
factor of a few (Ricker & Sarazin 2001; Randall, Sarazin & Ricker
2002). A mass estimate for the Bullet cluster from the MT(r500)–T
relation produced a result approximately a factor of 2.4 higher than
the weak lensing result for the same region (Markevitch 2006). If
we assume the X-ray mass estimate for Abell 2146 is overestimated
by a similar factor, the cluster mass should be closer to MT(r500) ≈
3 × 1014 h−1 M�, which is comparable with our SZ effect result.
However, simulations show that the transient increase in the X-ray
temperature is dependent on the time since the collision, the impact
parameter of the merger and the mass ratio of the merging clusters
(e.g. Ritchie & Thomas 2002), which will be different for the Bullet
cluster. A weak lensing analysis using new Subaru Suprime-Cam
observations will produce a more accurate measure of the mass for
comparison with the SZ effect result.

7.2 Comparison with the 4.9-GHz VLA maps

The VLA radio image taken at 4.9 GHz (NRAO/VLA Archive Sur-
vey) and the contours representing the LA map are superimposed
on the X-ray image in Fig. 14. The presence of a bright source on
top of the dense cluster core obscures any possible high-resolution

Figure 10. Two-dimensional marginalized posterior distributions for the
sampling parameters of Abell 2146 – M3.

Figure 11. One-dimensional marginalized posterior distributions for the
derived parameters of Abell 2146 – M3.

SZ features in the LA map. High-resolution SZ images using the
LA would be possible if higher resolution data taken at 16 GHz
were available for source subtraction. The longer baselines of the
LA proved insufficient to remove the contaminant sources and no
SZ effect decrement was seen on the source subtracted LA maps.
High-resolution SZ effect measurements are necessary to disen-
tangle the density and temperature distributions properly. These
observations in other cluster mergers like the Bullet cluster (Malu
et al. 2010) have revealed structure in the gas pressure distribution
and are powerful tools for understanding the evolution of galaxy
clusters.

Radio haloes are faint, large-scale sources that often span the
entire cluster and are typically found in cluster mergers. 2 h of VLA
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Figure 12. Binned data from the CLEANed, radio source subtracted, non-
tapered map of Abell 2146 in bins of 100λ against baseline (in kλ). It should
be noted that the FWHM of the aperture illumination function of the AMI SA
is ≈185λ such that the visibilities in each bin are not entirely independent.
The baseline distance corresponding to the MCADAM derived parameters
r200, r500 and r1000 were found to be 0.42, 0.816 and 1.46 kλ, respectively.

Table 7. JMFIT results for the parameters of the ellipse
fitted to the SZ decrement in the 0.6-tapered SA CLEANed
maps. The extension of the minor and major axes is
given in arcseconds and the position angle in degrees.

Nominal Minimum Maximum

Major axis 205 171 236
Minor axis 145 109 175

Position angle 46 3 68

observations in two configurations, C and D, towards A520 revealed
a radio halo with a power of 6.4 × 1024 W Hz−1 (Govoni et al. 2001)
at 1.4 GHz. The Bullet cluster was also found to have a radio halo
with a power of (4.3 ± 0.3) × 1025 W Hz−1 at 1.3 GHz (Liang
et al. 2000). No low-frequency radio data are currently available
for Abell 2146. 4.9-GHz VLA observations of Abell 2146 do not
show signs for a radio halo, Fig. 14, though deeper observations,
particularly at lower frequencies where radio halo emission tends
to be stronger, would be needed to determine whether a radio halo
is present in Abell 2146. Since such haloes are characterized by a
steeply falling spectrum (e.g. Hanisch 1980; Govoni et al. 2004) and
no radio halo emission was detected at 4.9 GHz, we do not expect
our observations to be contaminated by this diffuse emission.

A520 and 1E 0657−56 are the only two clusters that have been
found to have both bow shocks and radio haloes. They have provided
unique information that allows determination of what proportion of
the ultrarelativistic electrons producing the radio halo are generated
as a result of merger-driven turbulence, as opposed to shock acceler-
ation (Markevitch et al. 2002; Markevitch 2006). Since Abell 2146
is the third cluster merger known to contain substantially supersonic
shock fronts, finding a radio halo would significantly improve our
current understanding of how they are generated and powered.

Figure 13. Chandra X-ray image superimposed with AMI SA SZ effect
(no taper). The SA map is shown in black contours which go from −1.4 to
0.001 mJy beam−1 in steps of +0.2 mJy beam−1. The grey-scale shows the
exposure-corrected image in the 0.3–5.0 keV energy band smoothed by a 2D
Gaussian σ = 1.5 arcsec (north is up and east is to the left). The logarithmic
scale bar has units of photons cm−2 s−1 arcsec−2.

Figure 14. VLA 4.9-GHz map in thick, grey contours overlaid on the AMI
LA map, in thin, black contours and the X-ray grey map from Chandra obser-
vations. The logarithmic grey-scale corresponds to the exposure-corrected
X-ray image taken in the 0.3–5.0 keV energy band smoothed with a 2D
Gaussian of σ = 1.5 arcsec and it is in units of photons cm−2 s−1 arcsec−2.
The VLA and LA contours range from 0.5 to 9 mJy beam−1 in steps of
0.3 mJy beam−1.

7.3 Cluster parameters

The cluster parameters obtained from M3, our preferred model, are
discussed below.

7.3.1 Position

The mean value for the position, RA 15h56m07s, Dec. +66◦21′33′ ′,
with errors of 6 and 7 arcsec, respectively, coincides with the
X-ray centroid position, RA 15h56m07s, Dec. + 66◦21′35′ ′, as
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Figure 15. Projected temperature map (keV) (Russell et al. 2010) overlaid
on black contours representing the SA SZ effect decrement. The contours
go from −1.5 to 0.1 mJy beam−1 in steps of +0.1 mJy beam−1 and the grey
linear scale indicates the temperature variation in keV.

shown in Fig. 13. However, the peak of the X-ray flux is significantly
displaced from the peak of the SZ signal, as depicted in Fig. 13. The
X-ray spectral luminosity is proportional to

∫
n2

eT
−1/2 dl, while the

SZ effect is a measure of the integrated line-of-sight pressure and
is proportional to

∫
neT dl. Therefore, the X-ray emission is more

sensitive to substructure than the SZ data and peaks at the position
of the dense cluster core.

7.3.2 β and rc

Results from running MCADAM on large samples of clusters have
forced the prior on β to be relaxed to include higher values (see
AMI Consortium: Zwart et al. 2008). The distributions for β tend
to favour higher values than typical X-ray estimates. However, this
discrepancy is not surprising since previous studies have revealed
incompatibilities in the β fits between X-ray and SZ effect profiles
due to their different dependencies on parameters such as temper-
ature and density (Hallman et al. 2007). The results not only show
the degeneracy between rc and β but also show evidence of strong
constraints on this relation. This relation is positively correlated in
M1 and M2, where the assumption of hydrostatic equilibrium is
made to estimate parameters at r200, and negatively correlated in
M3 where this assumption is avoided.

7.3.3 Gas fraction

Sampling from f g(r200) allows further prior information to be intro-
duced into the model which leads to better constrained parameter
estimates.

All the models were run through MCADAM without data to check
the effect of the priors on the results. From this test we discovered
that in M1 the seemingly inconspicuous priors on the sampling
parameters lead to an effective prior on f g that peaks around 0.01
and strongly disfavours values of f g ≈ 0.1. Since in our current
models SZ data alone cannot place strong constraints on f g, the

effective prior biases low the estimates of f g obtained in M1. On
the other hand, when running M3 without data, the effective prior
on f g does not change significantly from the Gaussian prior it was
initially given. Given the importance of analysing cluster models
without any data to interpret their results, a detailed discussion
of these no-data runs and the effects of cluster parametrization are
presented in the forthcoming paper AMI Consortium: Olamaie et al.
(2011).

7.3.4 Temperature

The average cluster gas temperature within r200 ≈ 900 kpc for h70 =
1.0 was found to be 4.5 ± 0.5 keV. The projected emission-weighted
temperature map, Fig. 15, shows a range of X-ray temperature
measurements in different regions of the cluster. At the position of
the most negative value of the SZ decrement, the X-ray temperature
is ≈8 keV whereas at a radius of ≈500 kpc the temperature drops
below 5 keV. In Russell et al. (2010), a single-temperature fit to the
cluster spectrum of Abell 2146 using an absorbed thermal plasma
emission model yields a temperature of 6.7+0.3

−0.2 keV. The higher
X-ray temperature measurement is not surprising since M3’s derived
temperature estimate refers to the mean cluster gas temperature
within r200 and therefore averages over scales where the temperature
is lower. Moreover, emission-weighted temperatures will be higher
than mass-weighted temperature estimates.

7.3.5 Total mass

Analytical and numerical simulations have already established the
integrated SZ signal as a robust tool for determining the total cluster
mass (see e.g. Bartlett & Silk 1994; Barbosa et al. 1996; Eke, Cole
& Frenk 1996; Da Silva et al. 2000; Motl et al. 2005; Kravtsov,
Vikhlinin & Nagai 2006; Nagai 2006). The measured SZ signal is
sensitive to large scales away from the cluster core and is therefore
able to provide an estimate for the MT which is independent of the
small-scale mechanisms that regulate the state of the cluster gas
near the core.

We find that, subject to the assumptions of M3 described in Sec-
tion 5.2.3, at the virial radius, r200, MT = (4.1 ± 0.5) × 1014 h−1 M�;
note that this estimate is free from the assumption of hydrostatic
equilibrium.

8 C O N C L U S I O N

The AMI 16-GHz observations of Abell 2146 presented in this paper
show the SZ effect produced by this cluster with a peak signal-to-
noise ratio of 13σ . We detect fifteen 4σ n sources within 0.1 of
the primary beam in the SA pointed map using the high-resolution
LA observations. These sources were subtracted from the SA maps
at the LA position using the flux densities obtained from running
our Bayesian analysis software, MCADAM, on the cluster model
M3. Despite the substantial radio emission from the direction of
Abell 2146, no significant contamination from radio sources is vis-
ible on the maps.

We compare our SZ observations with X-ray data taken by
Chandra and find an offset between the peaks of the two signals.
We show that the SA data resolve our SZ decrement and note that
the directions of the most pronounced elongations in the SZ and
X-ray signals seem to be at ≈90◦ to each other. These results show
complex dynamics indicative of a cluster merger and the differences
in the gas emission and pressure distributions.
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We run MCADAM, on three different cluster models, all of
which assume an isothermal, spherical β-model, and extract pos-
terior probability distributions of large-scale cluster parameters of
Abell 2146 in the presence of radio point sources, primordial CMB
and receiver noise. In M1, a model representative of more traditional
cluster parameterizations, the seemingly inconspicuous priors on
the sampling parameters lead to an effective prior on the derived
parameter f g(r200) which biases low this parameter and leads to
further biases in other model parameters.

M2 and M3 exploit the observation that the gas fractions do not
appear to vary greatly between clusters and sample directly from
f g(r200) – introducing further constraints in our parameter space and
avoiding the bias problem in M1. The difference between M2 and
M3 lies in the derivation of the global cluster gas temperature, T .
M2 assumes the cluster is in hydrostatic equilibrium while in M3 T
can be deduced from the virial theorem (assuming all of the kinetic
energy is in the form of internal gas energy). Given the relative
masses of the two merging systems in Abell 2146 and, provided the
primary cluster was virialized before the merger, we find that the
T derived from the M–T relation in M3 will change by ≈10 per
cent K during the merger.

The results from M2 and M3 are consistent, despite differences
in the mean values of the large-scale cluster parameters. However,
we choose to focus on the results obtained in M3 since this model
overcomes some of the shortcomings of more traditional models
and its global temperature estimate is not significantly affected
by the merger event. We find that at r200 MT = (4.1 ± 0.5) ×
1014 h−1 M�, β = 1.7 ± 0.3, T = 4.5 ± 0.5 keV and core radius
rc = 358 ± 100 h−1 kpc. We also find that the probability of SZ +
CMB primordial structure + radio sources + receiver noise to
CMB + radio sources + receiver noise is 3 × 106: 1.
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