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ABSTRACT

A recent stacking analysis of Planck HFI data of galaxy clusters (Hurier 2016) allowed
to derive the cluster temperatures by using the relativistic corrections to the Sunyaev-
Zel’dovich effect (SZE). However, the temperatures of high-temperature clusters, as
derived from this analysis, resulted to be basically higher than the temperatures de-
rived from X-ray measurements, at a moderate statistical significance of 1.5σ. This
discrepancy has been attributed by Hurier (2016) to calibration issues. In this paper we
discuss an alternative explanation for this discrepancy in terms of a non-thermal SZE
astrophysical component. We find that this explanation can work if non-thermal elec-
trons in galaxy clusters have a low value of their minimum momentum (p1 ∼ 0.5− 1),
and if their pressure is of the order of 20 − 30% of the thermal gas pressure. Both
these conditions are hard to obtain if the non-thermal electrons are mixed with the
hot gas in the intra cluster medium, but can be possibly obtained if the non-thermal
electrons are mainly confined in bubbles with high content of non-thermal plasma and
low content of thermal plasma, or in giant radio lobes/relics located in the outskirts
of clusters. In order to derive more precise results on the properties of non-thermal
electrons in clusters, and in view of more solid detections of a discrepancy between
X-rays and SZE derived clusters temperatures that cannot be explained in other ways,
it would be necessary to reproduce the full analysis done by Hurier (2016) by adding
systematically the non-thermal component of the SZE.

Key words: Cosmology: cosmic background radiation; Galaxies: clusters: general;
Galaxies: clusters: intracluster medium

1 INTRODUCTION

The Sunyaev-Zel’dovich effect (SZE) is the distortion of the
spectrum of the Cosmic Microwave Background (CMB) pho-
tons produced by Inverse Compton Scattering off the elec-
trons in the hot plasma in galaxy clusters (Zel’dovich & Sun-
yaev 1969). It is well known that it can be used as a powerful
probe of the thermal plasma properties in galaxy clusters
(see, e.g., Pointecouteau et al. 1998, Birkinshaw 1999), and
also of the non-thermal plasma, like relativistic electrons
populations (e.g. Colafrancesco et al. 2003, Colafrancesco et
al. 2011).

Recently, Hurier (2016; hereafter H16) has analyzed the
Planck HFI data of galaxy clusters (Planck Collaboration
2011) to derive the temperature of a large sample of galaxy
clusters using the relativistic corrections of the thermal SZE
that, being dependent on the cluster temperature, can break
the degeneracy between the cluster temperature and the op-
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tical depth that is present in the non-relativistic expression
of the SZE (see Colafrancesco et al. 2003 for a complete
discussion). By stacking the Planck data of thousands of
clusters, H16 found the signature of the relativistic correc-
tions to the thermal SZE with the highest statistical signifi-
cance obtained up to date. H16 has been able also to deter-
mine the average temperature of temperature-binned clus-
ters. H16 found that for high temperature clusters the 545
GHz Planck channel shows a higher emission compared to
low-temperature clusters, and that the temperature that can
be estimated from the SZE is basically higher than the tem-
perature estimated from X-ray observations, even though
with a moderate statistical significance ( ∼< 1.5σ). Since the
effects of other contaminations (like, e.g., kinematic SZE,
background and foreground contaminations, radio discrete
sources) have been considered and eliminated from the anal-
ysis, H16 attributed this discrepancy to the effect of calibra-
tion uncertainties.

However, another physical possibility we want to dis-
cuss in this paper is that this discrepancy can be due to
the presence of a non-thermal component of the SZE, as
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produced by non-thermal relativistic electrons, like the elec-
trons that produce the radio halos observed in many galaxy
clusters especially with high temperatures (e.g. Feretti et
al. 2012). It has been found (Colafrancesco et al. 2003, Co-
lafrancesco et al. 2011) that the deviations from the spec-
tral shape of a pure thermal SZE due to a non-thermal elec-
tron contribution are more evident at high frequencies; since
the discrepancy between the SZE and the X-ray determined
temperatures in H16 are observed mainly in the 545 GHz
channel and for high temperature clusters, where the non-
thermal phenomena are usually more relevant (e.g. Feretti
et al. 2012), it is natural therefore to suppose that the non-
thermal SZE can be the origin of this discrepancy. For ex-
ample, Colafrancesco et al. (2011) showed that in the Bullet
cluster a single gas temperature fit to the SZE data provides
a best-fit value of kBTe ∼ 22 keV, whereas considering the
additional contribution of a non-thermal SZE produced by
non-thermal electrons with properties similar to the ones
producing the radio halo, it is possible to obtain a better
fit with a thermal electron population with temperature of
the order of the X-ray derived one, i.e. kBTe ∼ 14 keV, and
with the the addition of a non-thermal electron population
providing its main contribution to the SZE at high frequen-
cies.

In this paper we explore, therefore, this possibility. To
this aim, as a preparatory work in view of future and more
significant detections of this discrepancy, we attribute the
discrepancy suggested by the H16 results to the contribu-
tion of a non-thermal SZE, and we derive the properties of
the electrons that are required to produce this effect. Finally,
we discuss if these physical requirements are reasonable and
we discuss their possible impact on the physics of galaxy
clusters, as well as other possible explanations of this dis-
crepancy.

2 METHODS

Following the general approach of Colafrancesco et al.
(2003), the SZE can be written in the general form

∆I(x) = I0yg(x) (1)

where I0 = 2(kBT0)
3/(hc)2, x = (hν)/(kBT0), and the

Compton parameter y, in its general form, is given by

y =
σT

mec2

∫
Pedℓ , (2)

where Pe is the electrons pressure, that in the general case
can be due to thermal or non-thermal electrons, and the
integral is performed along the line of sight ℓ. The func-
tion g(x) contains the spectral dependence of the SZE, and
depends on the electron temperature for the thermal SZE,
and on the properties (spectral shape, minimum electron
momentum) of non-thermal electrons for the non-thermal
SZE.

We notice that H16 used an approach where the thermal
SZE is given by the sum of the non-relativistic part, where
the function g(x) is independent on the cluster temperature,
and of relativistic corrections, that instead depend on the
cluster temperature (see, e.g., Nozawa et al. 2000). In the
following, we use a different approach (Wright 1979, Enßlin
& Kaiser 2000, Colafrancesco et al. 2003), where the SZE is

derived following a full relativistic calculation that can be
applied to both the thermal and the non-thermal SZE. The
two approaches have been shown to be equivalent within
the ranges of validity of the fitting formulae used for the
relativistic corrections (see, e.g., Boehm & Lavalle 2009).
Therefore, in our approach the total SZE can be written as

∆Itot(x) = ∆Ith(x) + ∆Int(x) , (3)

where the quantity ∆Ith includes both the non-relativistic
part and the relativistic corrections to the thermal SZE, and
∆Int is the non-thermal SZE.

With these assumptions, it is possible to calculate the
spectral shape of the function g(x), that in the general form,
and working at the first order in the optical depth τ , can be
written as:

g(x) =
mec

2

〈kBTe〉
[j1(x)− j0(x)] . (4)

In this expression, the quantity 〈kBTe〉 is the analogous of
the electron temperature for a general electron population
(Colafrancesco et al. 2003). For thermal electrons the equiv-
alence 〈kBTe〉 = kBTe holds, while for non-thermal electrons
we find:

〈kBTe〉 =
1

3

∫
∞

0

dpfe(p)pβmec
2 , (5)

where fe(p) is the normalized spectrum of the electrons writ-
ten as a function of their normalized momentum p = βγ.

In eq.(4), the quantity j0(x) is the spectrum of the CMB
normalized to I0,

j0(x) =
x3

ex − 1
, (6)

and the quantity j1(x) is given by

j1(x) =

∫ +∞

−∞

j0(xe
−s)P1(s)ds , (7)

where the function P1(s) is given by

P1(s) =

∫
∞

0

fe(p)Ps(s, p)dp , (8)

and where the function Ps(s, p) includes the full relativistic
physics of the inverse Compton scattering process (see, e.g.,
Enßlin & Kaiser 2000, Colafrancesco et al. 2003). In the
following we use for the non-thermal electrons spectrum a
single power law shape with a minimum momentum p1:

fe(p) ∝ p−se p > p1 . (9)

It has been found (Colafrancesco et al. 2003) that in this
case the function g(x) depends on both the values of se and
p1.

Following these expressions, we can write the total SZE
as:

∆Itot(x)

I0
= gth(x;Te)yth + gnt(x; se, p1)ynt , (10)

where we define gth and gnt as the function g(x) for thermal
and non-thermal electrons, respectively, and we have put
in evidence the dependence on the electrons properties. We
note that, if we neglect the non-thermal component of the
SZE, the SZE will be written as
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∆Itot(x)

I0
= gth(x;T

∗

e )y
∗

th (11)

and, as a result, the determination of the electrons temper-
ature will provide a value T ∗

e different from the true one Te.
In principle, a different value of the temperature Te will im-
pact also on the value of the Compton parameter y∗

th, but
we note that this parameter is given by the product of the
temperature times the optical depth (Colafrancesco et al.
2003), and since we are dealing with the results obtained
from the stacking of a large number of clusters, therefore
the value of the average optical depth, and as a consequence
the value of yth, is just a free parameter when performing
this analysis.

For this reason, we estimate the contribution of the rel-
ativistic corrections to the thermal SZE and of the non-
thermal SZE from the ratio of the signal at two frequencies
x1 and x2. The ratio of the total signal at the two frequencies
is given by:

∆I(x1)

∆I(x2)
=

gth(x1;Te)yth + gnt(x1; se, p1)ynt

gth(x2;Te)yth + gnt(x2; se, p1)ynt

(12)

while the value of the same ratio obtained by neglecting the
non-thermal contribution is

∆I(x1)

∆I(x2)
=

gth(x1;T
∗

e )y
∗

th

gth(x2;T ∗

e )y∗

th

=
gth(x1; T

∗

e )

gth(x2; T ∗

e )
. (13)

By defining

R ≡ gth(x1;T
∗

e )

gth(x2;T ∗

e )
(14)

and

X =
ynt

yth
, (15)

and equating eqs.(12) and (13), we obtain

yth(gth(x1;Te) +Xgnt(x1; se, p1))

yth(gth(x2;Te) +Xgnt(x2; se, p1))
= R , (16)

from which we obtain

X =
Rgth(x2;Te)− gth(x1;Te)

gnt(x1, se, p1)−Rgnt(x2; se, p1)
. (17)

3 RESULTS

We apply eq.(17) to the results presented in H16; we specifi-
cally refer to the results presented in Figure 4 of H16, where
the temperature obtained from the SZE is compared to the
one obtained from X-ray spectroscopic measurements. We
consider that this case is more solid w.r.t. the other case
presented in Figure 3 of H16, where the temperature ob-
tained from the scaling relation between temperature and
X-ray luminosity is used. We also work at the frequencies
of 545 and 353 GHz (i.e. x1 ∼ 9.59 and x2 ∼ 6.21), where
the non-thermal contribution for high-temperature clusters
is expected to be more evident; we note also that H16 ob-
served that the ratio of the SZE signal at these two fre-
quencies is changing with the temperature because of the
relativistic corrections; therefore we consider that this ratio
is a good indicator of the amount of relativistic corrections.

We consider the temperature bin where the discrepancy
between X-ray and SZE obtained temperatures is more ev-
ident, i.e. kBTX = 11 keV in Figure 4 of H16, and assume

Figure 1. Values of the pressure ratio X = ynt/yth required
to explain the discrepancy between the SZE and X-ray derived
cluster temperatures in term of a non-thermal SZE component,
calculated according to eq.(17) for a non-thermal population with
se = 3.7 and minimum momentum p1, and working using the
ratio of the SZE signals at the frequencies of 545 and 353 GHz.

that the cluster real temperature is kBTe = kBTX , while we
fix kBT

∗

e = kBTSZ, i.e. 15 keV.
For the non-thermal electrons population, we choose -

as a reference case - a population similar to the best case
found from the SZE data analysis in the Bullet cluster, i.e.
with spectral index se = 3.7 (Marchegiani & Colafrancesco
2015), and calculate the value of X by changing p1. We will
discuss later the effect of changing the value of the spectral
index.

We found that the condition X < 1 (i.e. the non-
thermal pressure is lower than the thermal one) is satisfied
only in a narrow range of values of p1, i.e. 0.2 < p1 < 3
(see Fig.1). In this range the minimum possible value of X
is obtained for p1 = 0.7, where X = 0.228. Including the
error bars on TSZ shown in the plot of H16 we obtain the
value X = 0.228 ± 0.012 for p1 = 0.7.

We must stress that the uncertainties on the properties
of the non-thermal electron population produce an uncer-
tainty on the strength of these estimates. By changing the
value of se, the value of X that can be derived is changed, as
well as the corresponding value of p1, even if this last quan-
tity changes by a small factor: for example, for se = 2.7 we
find that the minimum possible value of X is obtained for
p1 = 0.5, for which X = 0.341 ± 0.018. Anyway we note
that this value is of the same order of magnitude w.r.t. the
case with se = 3.7, suggesting that, if the non-thermal SZE
interpretation of these data is correct, a pressure ratio of the
order of 20− 30% is a quite strong requirement.

We stress also that these results are obtained by working
only with the ratio of the signal at two frequencies (i.e. 353
and 545 GHz), and using only the final results of the anal-
ysis of H16, where the discrepancy between the X-rays and
SZE determined temperatures was suggested only at ∼ 1.5σ
level; once this discrepancy will be detected at a higher sta-
tistical significance, in order to obtain more precise results
on the possibility that the data indicate a contribution from
the non-thermal SZE, and on the determination of the pa-
rameters of the non-thermal electrons in galaxy clusters (i.e.
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X as well as se and p1 separately) it would be necessary to
reanalyze the whole sample of clusters by considering the
contribution of the non-thermal SZE at all the frequencies
considered. This work is outside the scope of this paper and
will be considered in a future work.

An even better possibility would be to measure the
SZE signal at a high number of frequencies along the whole
range of frequencies until ∼ 1 THz, because in this way it
would be possible to derive much more precise constraints
on both the thermal and non-thermal SZE (Colafrancesco
& Marchegiani 2010); an instrument like Millimetron (Kar-
dashev et al. 2014) will allow this analysis.

4 DISCUSSION AND CONCLUSIONS

We have explored the possibility that the discrepancy be-
tween the SZE and X-ray estimated values of the cluster
temperature suggested by H16 is due to the presence of
a physical non-thermal SZE component instead of calibra-
tion issues. The main result of our analysis is that the non-
thermal SZE can explain this discrepancy under the require-
ment that the non-thermal electrons have a very low value
of the minimum momentum, of the order of p1 = 0.5 − 1.
This result is in agreement with the results obtained from
the SZE analysis of the Bullet cluster (Colafrancesco et al.
2011, Marchegiani & Colafrancesco 2015); however, this con-
dition is hard to be maintained in a large number of clusters,
considering that electrons with this low energy are expected
to have a very small lifetime because of energy losses due
to non-thermal bremsstrahlung and Coulomb interactions
with the thermal gas (see Sarazin 1999), and also consider-
ing that the cluster sample here considered should contain
mainly clusters without radio halo (or with low power ra-
dio halos), where the amount of non-thermal electrons is
expected to be lower.

In addition, the derived ratio between non-thermal and
thermal pressures, of the order of 20 − 30%, is an issue for
our knowledge of the physics of non-thermal processes in
galaxy clusters. In fact, from the upper limits derived from
a stacked analysis of Fermi-LAT data in galaxy clusters, Hu-
ber et al. (2013) derived an upper limit of the order of 5% for
the ratio between non-thermal protons and thermal energy
contents. Since processes accelerating cosmic rays in galaxy
clusters are believed to provide an energy ratio of the or-
der of 0.01 or smaller between electrons and protons, there
would be the problem to find a source of electrons acceler-
ation that is selectively not effective for protons, that is an
analogous problem to the one derived from the comparison
between radio halos properties and the Fermi-LAT upper
limits in galaxy clusters (Vazza et al. 2016). However, we
note that from a statistical study of SZE and X-ray proper-
ties of a sample of 23 radio halo clusters an average value of
X ∼ 0.55 was found (Colafrancesco et al. 2014), and that in
the Bullet cluster the SZE data seem to indicate values of
p1 = 1 and X = 91% (Marchegiani & Colafrancesco 2015).
Therefore these problems seem to be present in all the cases
where the SZE is used as a probe of the non-thermal elec-
trons in galaxy clusters, suggesting that something might be
still missing in our understanding of the properties of non-
thermal phenomena in galaxy clusters, or alternatively that
this way to use the SZE measured at a very limited number

of frequencies, when instead it would be necessary to use a
high number of frequencies (Colafrancesco & Marchegiani
2010), is not sufficiently good to obtain reliable information
on the non-thermal content in galaxy clusters.

We note here that the solution recently suggested for
radio halos, i.e. electrons produced by Dark Matter annihila-
tion (Marchegiani & Colafrancesco 2016), is not working ef-
fectively for the SZE signal, because the DM-produced elec-
trons do not extend their spectrum at low energies following
a simple power-law (their spectrum is quite flatter), and
hence do not produce a significant SZE signal (Marchegiani
& Colafrancesco 2015).

A possible solution is that the electrons producing the
non-thermal SZE are not completely diffused into the ICM,
but are mainly confined in bubbles of relativistic plasma
where the density of thermal gas is low, as observed in sev-
eral clusters (see, e.g., Fabian et al. 2006). In this case the
small density of the target thermal nuclei would allow the
low-energy non-thermal electrons to survive for a longer time
and to maintain a power-law spectral shape down to low
values of p1. The injection of electrons from radio galaxies
jets and the formation of lobes seems to be the most likely
mechanism to produce this kind of structures. If the jets
are mainly leptonic, or if some mechanism can maintain the
protons confined in these bubbles, we also do not expect a
strong gamma-ray emission to be produced in the bubbles
because of the lack of target nuclei. However, if these bub-
bles have an internal pressure similar to the pressure of the
surrounding ICM, to obtain a value of X ∼ 20 − 30% it
would be necessary that the bubbles cover a volume of the
order of a quarter of the cluster volume, a condition that
might be difficult to obtain. This problem can be partially
alleviated if a strong contribution comes from bubbles of rel-
ativistic plasma located in the outskirts of the cluster, like
giant radiogalaxies lobes or radio relics.

We conclude that, once a higher significance detection of
the discrepancy between X-rays and SZE estimated temper-
atures will be obtained, there are two ways to derive stronger
conclusions from this analysis: the first one is to reproduce
the full analysis done in H16 by considering the additional
contribution of the non-thermal SZE over a wide range of
frequencies and considering a number of possible models for
the non-thermal electrons, with the aim to determine not
only the pressure but also the spectral properties of the non-
thermal electrons. Another possibility is to perform multi-
frequency and spatially-resolved observations of the SZE in
galaxy clusters, and to compare the results with X-ray and
radio observations, in order to check if the non-thermal SZE
is mainly produced in bubbles with high non-thermal and
low thermal plasma content. Instruments like Millimetron
(see, e.g., Kardashev et al. 2014) are suitable to this goal.

Another issue that will need to be considered is the
effect of temperature non-uniformities within the clusters,
that can create a bias in the estimation of the mean tem-
perature of a cluster when considered as isothermal. For ex-
ample, it has been shown that the X-ray temperature deter-
minations based on a single temperature fit are biased to-
wards high-density and low-temperature regions (e.g. Maz-
zotta et al. 2004), because the emissivity of the thermal
bremsstrahlung is proportional to n2

e

√
Te. The thermal SZE

is, in the non-relativistic formulation, linearly proportional
to both ne and Te, and therefore one should expect than the
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SZE derived temperatures are less biased than the X-ray de-
rived ones. However, the relativistic formulation makes the
dependence on Te non-linear, and this translates in a bias
towards high values of the temperature. As in the case of
the X-ray analysis, a spatially resolved measure of the tem-
perature along the cluster through the SZE can allow to re-
cover the true distribution of the temperature through a de-
projection technique (Colafrancesco & Marchegiani 2010).
However, when working with the spatially integrated SZE
values in clusters that are assumed to be isothermal, the
bias introduced by a single temperature fit to the SZE can
be high, as well the variance on the temperature, that, ex-
pecially in disturbed clusters where a big range of tempera-
tures is present, can have values of the order of the average
temperature (Prokhorov & Colafrancesco 2012).

As an example in a simple and idealized case, Vikhlinin
(2006) found that, assuming a cluster with two thermal pop-
ulations with the same bremsstrahlung emission measures
and temperatures of 4 and 16 keV, the resulting X-ray emis-
sion can be fitted by a single thermal population with tem-
perature of ∼ 7 keV. In order to compare the SZE bias with
this result, we obtained an analogous estimate of the tem-
perature derived from a single temperature fit to the SZE
produced by two populations with the same optical depth
and temperatures of 4 and 16 keV, and we found that the
SZE derived temperature is ∼ 13 keV. Therefore, in this case
both these estimates deviate from the average temperature
of 10 keV by a factor of the order of ∼ 30% in opposite direc-
tions, that would be sufficient to account for all the claimed
discrepancy as resulting from H16. However, when working
with the stacked analysis of a large sample of clusters that
can have different structures of the temperatures (including
e.g. temperature gradients, cooling flows, shock waves, cold
fronts), the estimate of the resulting bias on the discrepancy
between X-ray and SZE derived temperatures is a complex
issue and will be addressed in a future paper.
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