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1 Università di Milano Bicocca, Dip. di Fisica, Piazza della Scienza 3, I-20126 Milano
2 INAF - Istituto di Radioastronomia, Sez. di Firenze, Largo E. Fermi 5, I-50125 Firenze

Abstract.
The Sunyaev-Zel’dovich effect is a powerful probe useful to investigate both the properties
of galaxy clusters and cosmological parameters. We are developing low-noise SIS mixer-
based receivers for continuum observations at 90 GHz. By using these receivers at the SRT
we can investigate galaxy clusters at high redshift, where the typical core radii are com-
parable to the angular resolution of the telescope at 100 GHz. These sources are largely
unexplored but their interest will be increasing in the near future due to X-ray observations
from satellites.

1. Introduction

The Sunyaev-Zel’dovich effect (SZe) is a pow-
erful probe to investigate the properties of the
intra-cluster medium (ICM) and the physical
processes occurring inside the galaxy clus-
ters. Apart from its astrophysical relevance,
SZe can provide an important experimental
mine where information about cosmological
parameters can be extracted. Among these we
mention the Hubble constant H0, the clus-
ter gas-mass fraction and σ8 (Borgani et al.
2001). Moreover, we recall that SZe is a
promising tool to trace the evolution of the
Cosmic Microwave Background temperature
with z and to detect large-scale peculiar mo-
tions. For a thorough review on the cosmo-
logical impact of the SZe see Carlstrom et
al. (2002), Birkinshaw (1999), and Rephaeli
(1995). The thermal SZe arises from the inter-
action of the hot ionized intra-cluster medium
with the photons of the CMB by means of
the inverse Compton scattering (Zel’dovich &
Sunyaev 1969; Wright 1979). CMB photons

gain energy after this process and a fraction of
them moves towards higher frequency. The ob-
served spectrum results distorted: a depletion
is present at frequencies lower than the cross-
over x0, where the effect is null, while an en-
hancement can be observed at higher frequen-
cies (this is clearly represented in Fig. 1).
The cross-over occurs at a frequency x0 =
hν0/kBTcmb ' 3.830, which means ν0 '
218 GHz. The amount of the effect depends on
the comptonization parameter y defined as

y =

∫
ne

kBTe

mec2σT d`, (1)

which is clearly related to the optical depth
τe =

∫
neσT d`. Here Te and ne are the temper-

ature and density of the electron plasma; σT is
the cross section of the Thompson scattering.
The brightness temperature variation is

∆TS Ze

Tcmb
= y

(
x

ex + 1
ex − 1

− 4
)
(1 + δS Ze), (2)
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Fig. 1. The thermal SZe for the case y = 1 × 10−4. Left panel: brightness variation with respect to the
undistorted spectrum. Right panel: black-body temperature variation with respect to the undistorted one.

where δS Ze is the relativistic correction. The
corresponding intensity variation is

∆IS Ze

Icmb
= y

x4ex

(ex − 1)2

(
x

ex + 1
ex − 1

−4
)
(1 + δS Ze).(3)

The temperature of the cluster gas is increas-
ing with the cluster total mass, and its typical
values fall in the range kBTe ∼ 5 − 15 keV. At
these temperatures the electron velocities ap-
proach the relativistic regime and the correc-
tions described are effective.

There is another effect which is not negligi-
ble: the kinematic Sunyaev-Zel’dovich (SZk).
It is due to the peculiar motion of the cluster
with respect to the Hubble flow (i.e. the CMB
rest frame) and is proportional to the cluster ve-
locity vp times the optical depth of the plasma,
so that the temperature variation is

∆TS Zk

Tcmb
= −τe

vp

c
. (4)

The amount of this effect is of the order of
∆TS Zk ∼ 10 µK. This value must be com-
pared with the thermal SZe, which is ∆TS Ze ∼
f ew 100 µK.
A necessary remark on these two distinct ef-
fects is that while the thermal SZe has a spec-
tral signature which is different from the pri-
mary anisotropies of the CMB, SZk has the
same frequency dependence and is potentially
indistinguishable from them.

2. Clusters at high redshift

Clusters of galaxies are the greatest collapsed
structures ever observed, and they provide
unique probes to understand the physics of the
early Universe. The processes underlying the
formation of these objects are still matter of
debate, even if it seems likely that clusters are
formed by the infall of baryonic matter into the
potential wells created by dark matter (DM)
over-densities. In turn, the distribution of DM
along large-scale filaments and the depth of po-
tential wells trace the evolution of primordial
density fluctuations primed during the infla-
tionary era. The X-ray emission from the ICM
(mainly due to thermal bremsstrahlung), and
the thermal SZe, sensitive respectively to n2

e
and ne (ne is the electron density in the intra-
cluster plasma), are two of the most relevant
physical processes by which we can improve
our knowledge of the formation and evolution
of clusters of galaxies.
This aim can be achieved studying the scal-
ing laws characterizing the ICM (e.g. the
luminosity-temperature relation in X-rays, Lx−
Tx) and their redshift dependence, as shown
in Tozzi & Norman (2001). Scaling relations
can also be built combining SZe and X-ray
observables, since the number of clusters ob-
served by millimeter-wave observatories and
X-ray satellites is rapidly increasing, and stud-
ies in which these spectral regions have been
jointly exploited have already been published
(e.g. Pointecouteau et al. 2002). McCarthy et
al. (2003a,b) have also pointed out the impor-
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Table 1.

Name α δ redshift Te(keV) θc(arcsec)
RX J2228+20371 22h28m33s 20◦37′12′′ 0.42 10.4 ± 1.8 20.3 ± 3.1
RX J1120.1+43182 11h20m07s 43◦18′05′′ 0.60 5.6+0.25

−0.3 27.4 ± 1.2
RX J1334.3+50302 13h34m20s 50◦30′54′′ 0.62 5.20+0.26

−0.28 20 ± 1
ClJ1324+30113 13h24m50s 30◦11′25′′ 0.76 2.88+0.71

−0.49 7.4 ± 1.4
ClJ1226.9+33324 12h26m58s 33◦32′45′′ 0.89 11.5+1.1

−0.9 14.5+0.2
−0.8

ClJ1604+43043 16h04m19.5s 43◦04′34′′ 0.90 2.51+1.05
−0.69 7.7 ± 0.3

RDCS 0849+44525 08h48m56s 44◦52′00′′ 1.26 4.7 ± 1 ∼ 6

1: Pointecouteau et al. (2002); 2: Lumb et al. (2004); 3: Lubin et al. (2004);
4: Maughan et al. (2004); 5: Rosati et al. (1999).
Te is the electron temperature of the plasma; θc is the core radius.

tance of scaling relations derived by SZe alone
for the study of the thermodynamical proper-
ties of the ICM. Moreover, unlike X-ray emis-
sion, this effect is not subject to cosmologi-
cal dimming, allowing deeper cluster surveys
and possibly the detection of objects which
couldn’t be otherwise observed. In fact wide
surveys of the SZe are planned in the near fu-
ture both from space (e.g. Planck) and from
ground observatories (mainly SPT, APEX and
ACT).

The large aperture of the SRT and its sur-
face accuracy (which allows observations up
to 100 GHz) make this telescope a prominent
candidate for the detection of clusters of galax-
ies at cosmological distances by means of the
thermal SZe1. In fact the angular resolution
at 100 GHz (∼11′′), in spite of the reduction
of the aperture efficiency (it falls at 0.35), is
enough to obtain a beam comparable to the
size of the core radii of some representative
clusters listed in Table 1. These clusters have
been already detected by XMM, ROSAT and
CHANDRA and fall in sky regions which can
be covered by the SRT during the winter pe-
riod. The parameters quoted in Table 1 have
been extracted by the authors fitting the obser-
vational data to isothermal β-models and as-
suming the usual flat spacetime geometry with
H0 = 70 km s−1/Mpc.

1 We underline that since a frequency band
around the crossover is not available, it is impossible
to single out the kinematic SZe.

3. Receivers and observing strategy

The natural observing technique for the detec-
tion of the SZe is the beam switching between
on-source and off-source positions. The angu-
lar extent of the modulation has to guarantee
that the beam in the off-position is completely
outside the cluster. Practically, if we refer to the
specific case of ClJ1226.9+3332 (Maughan et
al. 2004), where the X-ray emission has been
detected 100′′ away from the X-ray centroid,
and if we remember that the SZ profile is wider
than the X-ray diameter of the source, then we
conclude that the beam throw has to be at least
2′.

What kind of signals contribute to the dif-
ferential output apart from the SZ decrement?
If the beam switching takes place between sky
regions separated by an angle ∆ϑ, the signals
which are statistically anisotropic on this an-
gular scale won’t be cut on average. For exam-
ple the CMB primary anisotropies correspond-
ing to the multipole index ` ∼ 1/∆ϑ will sur-
vive, and the same is true for the galactic fore-
grounds 2. On the contrary the isotropic fore-
grounds will be completely removed. In prin-
ciple also the dust surviving into the hot ICM
could contribute to the amplitude of the differ-
ential signal, but its contribution could be im-
portant at frequencies beyond ∼300 GHz.

2 Apart from diffuse foregrounds, another source
of possible contamination is represented by point
sources.
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Fig. 2. Left panel: the waveguide mounting of the 94 GHz SIS mixer. Right panel: the log-periodic antenna,
needed to couple the electromagnetic wave to the SIS junction, fixed to the rear of the quartz hyperhemi-
spherical lens.

Also the atmosphere could contribute through
spatially correlated fluctuations, and they rep-
resent by far the most serious obstacle for an
observational campaign at 100 GHz aimed at
cosmological targets. Therefore a preliminary
and accurate site testing is mandatory.

We propose to develop a multi-pixel ra-
diometer based on SIS mixers, optimized for
SZe observations, as focal plane instrumen-
tation for SRT in the 90-110 GHz frequency
band. At present we are working in col-
laboration with the I.E.N. ”Galileo Ferraris”
in Torino, where both waveguide-mounted
mixers and open-structure mixers are un-
der study3 (Fig. 2), while a millimeter-wave
testing facility has already been prepared at
the Physics Department of the University of
Milano Bicocca. Let’s give a short glance at
the expected performance of a SIS mixer re-
ceiver. At 100 GHz a typical front-end chain
constituted by feed horn, SIS mixer and LNA,
has a noise temperature lower than 100 K,
so when the receiver is looking at the cold
sky, the system temperature is expected to be
less than 150 K, corresponding to an instan-
taneous sensitivity of ∼5 mK/

√
Hz (an inte-

gration IF bandwidth ∆ν = 1.2 GHz is as-
sumed for a DSB configuration, while the ef-

3 Multi-pixel SIS receivers are currently de-
veloped using both guided and open structures
(Barychev 2005)

ficiency is that of a Dicke receiver). In a worst-
case situation in which the sensitivity is de-
graded to 7 ÷ 8 mK/

√
Hz, a ∆T = 60 µK

can be detected at 1σ level in 5 hours, while
45 hours are required to reach 20 µK. Anyway
we have to deal carefully with these quan-
tities, since they are obtained from the ra-
diometer equation, which has a purely statis-
tical meaning. In the real world instabilities
(1/ f gain fluctuations) could arise in the re-
ceiver for long integration times, even if they
can be controlled by modulation-demodulation
techniques (Wollack 1995). The atmosphere it-
self could be a source of low-frequency drifts
of the signal, since its noise is partially time-
correlated. Concerning the issue of stability,
the cooling mechanism is important too. As
shown by Kooi et al. (2000), who studied the
onset of instabilities by means of Allan plots,
the knee frequency4 changes appreciably if we
cool the same front-end in a standard liquid he-
lium dewar, or by a pulse tube cooler, or by a
mechanical cryocooler. From this point of view
the pulse tube cooler is a good compromise,
since its Allan time is greater than that of a cry-
ocooler, while it is more practical than a LHe
dewar (especially for a long observational cam-
paign). The drawback is that the cold head has
to be held at less than 30◦ from the vertical po-

4 The critical frequency where colored noise
overcomes the white noise floor.
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sition in order to prevent efficiency losses, so
that the optical configuration should take into
account this limitation.

A last issue which we would like to face
in conclusion is the improvement of the de-
tection of clusters’ physical parameters, such
as y, by increasing the number of channels.
In order to obtain indicative trends of the
uncertainty on the comptonization parameter
for clusters whose Te is already known, we
have used the SASZ Fortran code written by
S. Hansen. We have found that the situation
doesn’t change appreciably if we have two
channels in the same frequency band (say
90 GHz and 100 GHz) or a single channel
(at 90 GHz) operating with the same sensi-
tivity. In both cases, for a relaxed cluster like
ClJ1226.9+3332, we have obtained log y =
−4.2 ± 0.1 after 5 hours of integration (as-
suming the typical efficiency of a Dicke re-
ceiver), corresponding to a relative uncertainty
between 21% and 26%. Consequently, the im-
portant practical consideration is that in the
frequency band 90-110 GHz we can pump
the two (or more) SIS mixers with the same
Local Oscillator wave. The quality of the de-
tection improves considerably if a second re-
ceiver in a different frequency band is avail-
able. Particularly important for the study of
the SZ effect is the Ka-band around 30 GHz,
where low noise amplifiers are commonly
available. In fact with a third channel operating
at this frequency, in the same integration time
(5 hours), we have log y = −4.21 ± 0.06, and
a relative uncertainty in y between 13% and
15%. This is exactly what we could expect a
priori, since we have extended the frequency
leverage, imposing a stronger constraint on
the available region in the parameter space5.
Moreover, if also a receiver at 30 GHz could be
operated simultaneously with the multi-pixel
SIS radiometer, we could have a better control
on foregrounds. Without the third frequency
in the Ka-band, but increasing the integration
time to 45 hours, the relative uncertainty in y

5 Neglecting the peculiar motions of the cluster,
the parameters fixed by the likelihood analysis are
Te and y, since χ2(y, vp, Te).

falls to 5%. Assuming again that we have two
channels at 90 GHz and 100 GHz, but with a
wider integration bandwidth, say 4 GHz6, in
45 hours we obtain again log y = −4.20 ±
0.02 (corresponding to the 5% uncertainty), but
without any prior knowledge coming from X-
rays detections.
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