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The Sunyaev-Zeldovich e�ect
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Abstract. The Sunyaev-Zeldovich (SZ) effect provides an alternative to X-rays to char-
acterise the hot gas within groups and clusters. The past years have seen a drastic increase
of number of SZ measurements. Experiments such as the Planck satellite, the South Pole
Telescope, the Atacama Cosmology Telescope, the CARMA observatory, the Mustang/GBT
instrument now allow precise SZ measurements over a wide range of spatial resolutions and
frequency bands. These SZ observations are covering huge volumes and providing detailed
measurements of the intra-cluster gas, now able to compete with X-ray data. But even more
important, combined SZ and X-ray analysis bear a tremendous scientific potential for clus-
ters studies in the framework of structure formation and evolution, as well as cosmology.
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1. Introduction

The inverse Compton scattering for ther-
malised electrons under a blackbody radiation
field was formalised in the case of the hot
gas content in galaxy clusters by Sunyaev &
Zeldovich (1972). These authors predicted an
ensuing spectral distortion of the CMB spec-
trum in the direction of clusters, the now so
called Sunyaev-Zeldovich (SZ) effect.

The differential monochromatic brightness
for the SZ effect can be expressed under the
following generic form:

∆Iν
Iν

= y · ζ(ν,Te) (1)

where ζ is a function expressing the spectral
dependance of the SZ effect. This function
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mildly depends on the gas temperature through
the weakly relativistic high end of the electron
velocity distribution (see, e.g., Pointecouteau
et al. 1998; Sazonov & Sunyaev 1998). If these
relativistic effect, of order kTe/mc2, are ne-
glected, the treatment of the inverse Compton
scattering for thermalised electrons under a
blackbody radiation field is obtained by the
Kompaneets (1957) equation. With respect to
the exact case, this approximation produces
less scattering towards the high energy end of
the spectrum thus respectively slightly increas-
ing the absolute depth of the SZ increment at
sub-millimetre wavelengths and of the decre-
ment at millimetre wavelengths. Conversely
the sub-millimetre tail of the SZ spectrum is
reduced. Both exact and analytical expression
are illustrated on Fig 1.

The dimensionless Comptonisation param-
eter y reads as the product of the average en-
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Fig. 1. Spectral dependance of the SZ effect. Figure
reprinted from Pointecouteau et al. (1998). The solid
line stands for the exact case (Eq. 1), where the
dashed line show the analytical approximation for
various intra-cluster gas temperatures.

ergy transferred per diffusion by the average
number of diffusion:

y =
σT

mec2

∫
P(l)dl, (2)

where σT is the Thomson cross-section, me the
mass of the electron and c the speed of light.
P is the pressure produced by the plasma of
thermal electrons along the line of sight.

If the SZ brightness, which is proportional
to y, is independent of redshift, the SZ flux is
proportional to the integrated Comptonisation
parameter and thus depends on the source dis-
tance.

In the following, we leave aside the kinetic
SZ effect, a doppler effect, resulting from the
cluster peculiar motion within the comoving
reference frame of the Hubble flow.

2. New clusters detection and
synergy with X-ray

In the past years the SZ measurements have
moved from the first spatially resolved obser-
vations of individual objects ((Pointecouteau
et al. 2001; Komatsu et al. 2001, e.g.,)), to the
first discoveries of new objects (Staniszewski
et al. 2009), to large-scale survey projects for
cosmology such as the Atacama Cosmology
Telescope (Kosowsky 2003, ACT), the South
Pole Telescope (Carlstrom et al. 2011, SPT)

and the Planck satellite (Planck Collaboration I
2011). Pointed single dish and interferometric
instruments such as SZA/CARMA (Muchovej
et al. 2007), APEX-SZ (Dobbs et al. 2006),
Mustang/GBT (Dicker et al. 2008), AMI
(Zwart et al. 2008) or AMIBA (Ho et al. 2004)
have further allowed detailed observations of
specific clusters at different frequencies, reso-
lutions and sensitivities.

With their large area survey capabilities,
SPT, ACT and Planck are shading new light
on the population of galaxy clusters. They have
allowed the detection of tenths of new clus-
ters previously unknown either in the optical
or in the X-rays. The Early SZ sample encom-
passed 189 objects detected with high signifi-
cance in the first Planck all-sky survey in nine
frequency bands, providing for many clusters
the first SZ measurement and also including
new detected clusters (Planck Collaboration
VIII 2011). The SPT collaboration has added
224 clusters detected over 720 square degrees
at 150 and 95 GHz including about half new
detected clusters (Reichardt et al. 2013). More
recently a sample of 68 galaxy clusters, among
which 19 new discoveries, were released by the
ACT collaboration from their 148 GHz survey
of 504 square degrees (Hasselfield et al. 2013).

These SZ clusters detections required sys-
tematically further multi-wavelengths follow-
up in order (i) to confirm them as clusters,
(ii) to estimate their redshift, (iii) to provide a
characterisation of their global physical prop-
erties. The redshift estimations is provided ei-
ther in the optical by photometric of spectro-
scopic redshift estimations (e.g. Bleem et al.
2012; Song et al. 2012) or from X-ray spec-
troscopy via the measurement of the Fe K line
(e.g. Planck Collaboration XI 2011).

For new detected clusters, there is a real
and powerful synergy between SZ and X-ray
observation, as the X-rays provide a straight-
forward way to confirm candidates as clusters,
as above the Galactic Plane, the detection of
extended X–ray emission is an unambiguous
signature of a cluster. This is illustrated for in-
stance by the intense XMM-Newton validation
follow-up programme run by the Planck col-
laboration with the XMM-Newton satellite: 51
observations of Planck cluster candidates have
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led to 43 confirmation of new SZ sources. They
have confirmed 51 bona fide new clusters, in-
cluding four double systems and two triple sys-
tems (Planck Collaboration XI 2011; Planck
Collaboration IV 2012). The SPT collabora-
tion has made an extensive use of Chandra and
XMM-Newton observations to characterise the
physical properties of their detected clusters
(Andersson et al. 2011).

Despite their more modest spatial cover-
age, SPT and ACT benefit a better spatial res-
olution, allowing them to hunt for more low
mass and more distant clusters (e.g., Semler
et al. 2012; Menanteau et al. 2012), there-
fore nicely complementing Planck’s findings
of nearby clusters with low X-ray luminosities
and disturbed morphologies.

3. Cosmology with the
Sunyaev-Zeldovich effect

The total SZ signal is closely related to the
cluster mass (e.g., da Silva et al. 2004), and
its surface brightness insensitive to distance.
Therefore, SZ surveys can potentially be used
to built unbiased close to mass selected clus-
ter samples up to high redshifts. Last struc-
ture to form in a hierarchical scenario of struc-
ture formation, clusters of galaxies are de facto
extremely sensitive to the matter and energy
content of the Universe. Cluster cosmology
thus provides powerful and complementary
constraints to CMB and other cosmological
probes as shown by the recent results from SPT
(Benson et al. 2011) and ACT (Sievers et al.
2013). The main caveats being that cluster cos-
mology is prone to systematics biases and er-
rors linked to sample representativity and com-
pleteness, or to mass proxy calibration used to
link the halo mass function (e.g., Pacaud et al.
2007).

Beyond cluster counts and the cluster mass
function, the analysis of the SZ power spec-
trum (and/or bi- and tri-spectrum) also bring
added information on cosmology and on our
understanding of structure formation as shown
by the recent measurement at low l mode (i.e.,
high angular resolution) of the CMB power-
spectrum by SPT (Keisler et al. 2011) and ACT
(Dunkley et al. 2011). These studies have em-

phasised the difficulty to disentangle the SZ
contribution from the CIB and radio sources
contribution to the power spectrum (i.e., with
respect to the dumping CMB spectrum).

Constraints on cosmology from clusters are
best optimised when combining the SZ sig-
nal with X-rays as done in the aforementioned
work. We refer to the review by H. Böhringer
(this proceedings) for further insights on cos-
mology with clusters.

4. Large scale structures

The scaling and structural properties expected
in a hierarchical scenario of structure forma-
tion bear not only the imprint of the DM and
DE, but also the complex physical processes at
play throughout their formation and evolution
(see e.g., Voit 2005, for a review). Recent X-
ray observations based primarily on represen-
tative samples have returned a consistent pic-
ture of the scaling and structural properties of
halos, from high mass clusters down to the low
mass group regime (see, e.g., Vikhlinin et al.
2006; Croston et al. 2008; Pratt et al. 2009;
Arnaud et al. 2010; Sun 2012).

From the SZ side, building on early
works and measurements (Benson et al. 2004;
Bonamente et al. 2008; Liao et al. 2010), ap-
proaches to constrain SZ/X-ray scaling rela-
tions (e.g., Y500−M500, Y500−LX,500) from small
or medium size samples, spawning the nearby
to the more distant Universe, have underlined
the consistency between the X-ray and SZ view
of the ICM within R500 (Andersson et al. 2011;
Planck Collaboration IX 2011; Sifon et al.
2013). These results are also in agreement with
complementary statistical analysis carried out
over large sample of clusters on all-sky data
from WMAP (Melin et al. 2011) and Planck
(Planck Collaboration X 2011). Fig. 2 provides
one illustration of this very coherent picture of
our views for the hot thermal intra-clusters gas.

SZ and X-ray scaling relations have relied
on X-ray observations that assume hydrostatic
equilibrium for halos. As shown by various nu-
merical simulations, this hypothesis likely re-
sults in a cluster mass systematically underes-
timated by about 10–15 percent due to the ne-
glect of pressure support from bulk gas mo-
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Fig. 2. The Y500 − YX scaling relations derived from
the Planck and XMM-Newton measurements. Figure
reprinted from Planck Collaboration IV (2012).

tions in the HE mass equation (e.g., Nagai
et al. 2007; Meneghetti et al. 2010). It is thus
useful to call upon another mass proxy inde-
pendent from both SZ and X-rays to investigate
the impact of this ”hydrostatic mass bias”.

Weak lensing data provide a potential pow-
erful way to estimate the cluster total mass, in-
dependent from the cluster baryons direct ob-
servations. Works by Marrone et al. (2012);
Planck Collaboration III (2012) have shown an
overall good agreement, between the SZ and
lensing properties confronting SZA/CARMA
and Planck SZ measurements respectively to
weak lensing (WL) measurements (Subaru
Telescope observations, Okabe et al. 2010).
Though when adding a further comparison
with X-ray results, Planck Collaboration III
(2012) emphasised the differences between the
X-ray and lensing mass proxies, that trans-
late into a ∼ 20% normalisation offset on the
SZ scaling relation. Focusing mainly in this
proceedings on the SZ and X-ray measure-
ments, we will not discuss here a third mass
proxy, i.e., the optical richness, though it also
bear several intrinsic biases and requires a very
careful treatment. We refer to relevant works
on the combination of SZ, X-rays and opti-
cal proxies (e.g., Planck Collaboration XXVI

Fig. 3. 90 GHz MUSTANG/GBT map of MACS
J0717.5+3745 (13 arcsec resolution). Reprinted
from Fig. 2 in Mroczkowski et al. (2012). See this
publication for details.

2011; Draper et al. 2012; Sehgal et al. 2013;
Angulo et al. 2012).

Inconsistency between the SZ, X-ray and
optical data may arise from the combination of
different effects and systematic biases, which
as detailed by Angulo et al. (2012) can be
twofold: (i) survey biases, and (ii) observ-
able biases. The first type include discrepan-
cies between samples selection (volume effect,
Malmquist biases) ; or to foreground and back-
ground contamination. The second type is due
to residual uncertainties on the instruments ab-
solute calibration; or to projection, miscenter-
ing and orientation effects generating biases
on the observables estimation; or the complex
physics at play in clusters that render the ex-
traction of observables more complicated (e.g.,
hydrostatic bias). All these effects affect in dif-
ferent ways X-ray, SZ and optical observa-
tions, and thus the slope, normalisation and in-
trinsic scatter of the different scaling relations.

5. Physics of the intracluster medium

Being a tracer of the thermal pressure, thus of
the intra-cluster gas density and temperature,
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the SZ signal has shown extremely efficient to
probe the intra-cluster gas physics.

For instance, with the MUSTANG
camera operated on the GBT telescope,
Mroczkowski et al. (2012) have observed
MACS J0717.5+3745, a complex-merger
system comprising four distinct, optically
detected sub-clusters, with a high spatial reso-
lution (i.e., 13 arcsec at 90 GHz – see Fig. 3).
Combined with Bolocam observation at 148
and 240 GHz, these observations allowed them
a 2D comparison with the Chandra data. The
unprecedented resolution for SZ observations
together with Chandra sub-arcsec has con-
firmed previous indications from Chandra of
a pressure enhancement due to shock-heated,
∼ 20 keV gas which is located next to an
extended radio emission tracing non-thermal
emission).

At very different spatial resolution scales,
the Planck collaboration has also obtained
stunning result in their analysis of the 2D dis-
tribution of the SZ signal in the direction of
the Coma cluster. Thanks to its great sensitiv-
ity and frequency coverage, the Planck satel-
lite was able to detect SZ emission out to R '
3 R500. Moreover, the Planck image shows a
y profiles steepening locally about half a de-
gree from the cluster centre to the West and
to the South-East directions, underlying pres-
sure jumps. These features are consistent with
the presence of shock fronts at these radii.
The western feature was indeed previously no-
ticed in the ROSAT PSPC mosaic as well as
in the radio. The Planck data finally revealed
a strong linear correlation between the SZ and
radio-synchrotron signal on a Mpc scale, im-
plying either that the energy density of cosmic-
ray electrons is relatively constant throughout
the cluster, or that the magnetic fields fall off
much more slowly with radius than previously
thought.

These 2D studies are complemented by 1D
radial analysis now reaching far our in the clus-
ters outskirts. Indeed regions beyond R500 are
hardly reachable by X-rays, but at the expense
of huge amount of telescope time (Simionescu
et al. 2011). Whereas SZ observations are re-
ally powerful here as shown by the recent study
by the Planck Collaboration over a sample of

62 massive clusters. This statistical analysis
has provided for the first time observational
constraint on the gas thermal state and distri-
bution out to 3 R500, where the density con-
trast is about 50–100 (Planck Collaboration
V 2012). These results have been confirmed
over a more modest radial range, i.e. ∼ 2 R500,
by a later study of the Bolocam team from
a sample of 45 clusters (Sayers et al. 2013).
These SZ measurements allowed in both cases
and in conjunction to X-ray data from XMM-
Newton and Chandra, to reconstruct the aver-
age thermal pressure profiles in halos. These
new results are already in fairly good agree-
ment with theoretical predictions within the ex-
pected dispersion, and they also provide means
to better understand together with theoretical
approaches (e.g., Kravtsov & Borgani 2012)
the processes governing the thermodynamical
state of the outer regions in clusters: clumping
of the gas, departures from hydrostatic equilib-
rium, contribution from non-thermal pressure
by the presence of magnetic fields and/or cos-
mic rays, etc.

In this short overview, I reviewed some of
the recent results from SZ observations. The
included references provide the needed read-
ings to further comprehend and illustrate the
huge advances in this field achieved in the last
decade. Future instruments or upgrade of exist-
ing instruments dedicated to the measurement
of the SZ effect will increase spatial resolution
and sensitivity providing enhanced abilities to
understand clusters of galaxies from the detail
of their central parts out to large radii.
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