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Abstract

Until recently, only about 10% of the total intracluster gas volume had been studied with high accuracy,
leaving a vast region essentially unexplored. This is now changing and a wide area of hot gas physics and
chemistry awaits discovery in galaxy cluster outskirts. Here, we summarize and illustrate some relevant
underlying physical processes and review the recent progress in X-ray observations of cluster outskirts,
paying particular attention to Suzaku temperature profiles. Text and figures in this proceedings article are
taken from the review Reiprich et al. (2013) published in Space Science Reviews.
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1. Where are the “cluster outskirts”?

We consider as “cluster outskirts” the range

r500 < cluster outskirts < 3r200 , (1)

where r500 used to be the observational limit for X-ray
temperature measurements and the range up to 3r200
captures most of the interesting physics and chemistry
before clearly entering the regime of the warm-hot inter-
galactic medium (Fig. 1).

2. Suzaku temperature profiles

In Fig. 2 Suzaku cluster temperature profiles are shown
that reach beyond about 1/2 r200. In the inner region
(. 0.3 r200) the profiles appear flat. This is due to the
large spread and radially varying slopes of central tem-
perature profiles as observed with Chandra and XMM-
Newton combined with Suzaku’s broad PSF. Beyond this
central region, temperatures systematically decline by a
factor of about three out to r200 and slightly beyond.
The Suzaku average profile is compared to profiles pre-
dicted by N -body plus hydrodynamic simulations em-
ploying different numerical algorithms and incorporating
different physics in Fig. 2 (right). The slopes of observed
and simulated temperature profiles appear consistent in
the outskirts; if anything, then the observed average tem-
perature profile drops off slightly faster than the simu-

lated ones at the largest radii, as already noted in the
very first Suzaku temperature profile determination of a
relaxed cluster (Reiprich et al. 2009). In Fig. 2 (right),
this is illustrated by the dashed line, which gives the best
linear fit to the data points in the range 0.3r200 < r <
1.15r200 as kBT/〈kBT 〉 = 1.19− 0.84r/r200.

Below, we discuss physical situations that could lead
to an underestimation of the gas temperature in clus-
ter outskirts, namely non-equipartition, non-equlibrium
ionization, and multitemperature structure. If, however,
the temperature is not underestimated, the apparently
too steep decline could be due to, e.g., deviation from hy-
drostatic equilibrium (e.g., bulk motions, turbulence, ro-
tation, convection, mergers, . . . ) or external forces other
than gravity, (e.g., magnetic fields, pressure supplied by
relativistic particles, . . . ). Note that basically all of these
processes would lead to an underestimation of the total
gravitational mass through the hydrostatic equation; i.e.,
to an underestimate of Ωm and σ8 in cluster mass func-
tion analyses.

We limit this article to the discussion of temperatures
(and metallicities), where Suzaku has clearly advanced
the field. For a summary of related results on density, en-
tropy, and pressure profiles, as well as Sunyaev-Zeldovich
and weak gravitational lensing work, the reader is re-
ferred to the original review article (Reiprich et al. 2013).
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Fig. 1. Simulated galaxy cluster. The white circles indicate r500, r200, rvir, and 3 r200 moving outwards, respectively (adapted from
Roncarelli et al., 2006). Left: X-ray surface brightness in the soft (0.5–2) keV band. The color scale spans 16 orders of magnitude and
has been chosen to highlight cluster outskirts. Right: Temperature map on a linear scale from 0 keV (blue) to 11 keV (red).

3. Thermal equilibrium, Te = Tgas?

In cluster outskirts, gas densities are low, resulting in
a longer timescale for electrons and protons to reach
equipartition (i.e., the same temperature),

teq(e, p) ≈ 109 yr

(

kBTe

1 keV

)
3

2 ( ne

10−5 cm−3

)−1

. (2)

So, there the X-ray-emitting electrons may have a cooler
temperature than the invisible protons, resulting in a
steeper X-ray temperature gradient towards the out-
skirts.

4. Ionization equilibrium, TX = Te?

The timescale for a plasma to reach collisional ionization
equilibrium (CIE) also increases in cluster outskirts,

tion−eq ≈ 3× 109 yr
( ne

10−5 cm−3

)−1

. (3)

On the order of a Gyr may be required in cluster out-
skirts – long enough to possibly result in an important,
measureable effect for some clusters. When the ICM has
not yet achieved CIE (τ . 1012 s/cm3) then stronger low
energy emission lines are present. In typical observed
spectra with CCD-type energy resolution, this results in
a shift of the peak position of the ∼1 keV emission line
complex towards lower energies, especially for a low tem-
perature plasma. This indicates that one might obtain
a temperature biased low if one wrongly assumes CIE in
the fitting process. Indeed, this is the case as Fig. 3 (left)

demonstrates. In the most extreme non-equilibrium ion-
ization (NIE) cases simulated, temperatures are under-
estimated by a factor of ∼2. Since this bias, if present,
will likely be larger for larger radius where the density
is lower, it will translate into a too steep temperature
profile. Also, the metallicity gets severely overestimated
for hot clusters in the most extreme case (τ = 8 × 1010

s/cm3, Fig. 3, right). This is again due to enhanced line
emission in the NIE case.

5. How to disentangle multitemperature structure, TX =
Te?

In cluster outskirts, emission from new matter infalling
along filaments and from cooler clumps might become
more important (Fig. 1). Therefore, in a given spec-
tral extraction region (say, an annulus in cluster out-
skirts), emission from gas at multiple temperatures may
be present. The data quality (e.g., number of source
photons, signal-to-noise ratio, energy resolution) on the
other hand may not be sufficient to constrain a mul-
titemperature model. A single temperature model will
then have to be fitted to the multitemperature spectrum.
What will the best-fit temperature be? The answer de-
pends on the used X-ray mirror/filter/detector system.
This is easy to understand: the electron temperature,
Te, is usually estimated from fitting a model, convolved
with the instrumental response, to an observed spec-
trum. The most temperature-sensitive features in an
observed spectrum with CCD-like energy resolution are
the exponential bremsstrahlung cutoff at high energies,
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Fig. 2. Suzaku temperature profiles that reach cluster outskirts. All references are provided in Reiprich et al. (2013). Left: individual profiles,
right: binned average profile. Also shown are (partially renormalized) average temperature profiles from numerically simulated clusters
from Roncarelli et al. (2006), Nagai et al. (2007), Burns et al. (2010), Vazza et al. (2011). The dashed line represents a simple linear fit
to the data points beyond 0.3r200.
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Fig. 3. Left: Best-fit temperatures when incorrectly assuming collisional ionization equilibrium as a function of ionization timescale, τ ; for
simulated Suzaku data, assuming temperatures of 1 keV and 5 keV. Right: Metallicity bias under the same assumptions.

the slope of the bremsstrahlung emission at intermediate
energies, and the location of the emission line complex
at low energies. An instrument with more effective area
at low energies compared to high energies – relative to
another instrument – is more sensitive to the low energy
features and, therefore, will typically give rise to a lower
single temperature estimate.

An illustration for the simple case of a two-
temperature plasma is shown in Fig. 4 for XMM-Newton
and Suzaku. Spectral data are simulated for these instru-
ments assuming emission from plasma at two different
temperatures (0.5 keV and 8 keV), with varying contri-
butions (emission measure ratios – the x-axis) and as-
suming three different metallicities (0.3, 0.5, and 1 times
solar) for the cooler component (the hotter component is
always assumed to have a metallicity of 0.3 solar). Then

single temperature (and single metallicity) models are fit
to the simulated data and the best-fit temperatures are
shown in the plots.

The plots show how the best-fit single temperature
decreases with increasing emission measure ratio of cold
and hot component (from 10% to equal emission mea-
sure). It also becomes clear how the temperature de-
creases with increasing metallicity because the number
of low-energy photons constraining the fit increases in
this case. Moreover, the plots clearly reflect the different
sensitivities of the different instruments, e.g., the rela-
tively hard Suzaku XIS-FI typically returns much higher
temperatures than the relatively soft XMM-Newton.

So, assuming increased multitemperature structure
with increasing radius in cluster outskirts, e.g., due to
infalling cold matter, XMM-Newton would see a steeper
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Fig. 4. Best-fit single temperature of two-temperature plasma emission as a function of emission measure ratio of the two components, for
XMM-Newton EPIC-pn (left) and Suzaku XIS-FI (right).

temperature gradient than Suzaku if the different tem-
perature components cannot be spectrally disentangled.
Single metallicity estimates would be affected as well
(e.g., Fig. 19 in Reiprich et al. 2013).

6. Outlook

Recent cluster temperature profiles measured with
Suzaku indicate a fairly steep decline beyond r500. With
upcoming SZ (e.g., ALMA, CCAT) and X-ray instru-
ments (e.g., Astro-H, eROSITA), it will likely be possi-
ble to disentangle, which of the suggested physical pro-
cesses dominate in cluster outskirts, which will in turn
inform modelling of cluster and galaxy evolution. Still,
we are far from reaching the really interesting regime,
the region beyond the cluster virial radius (>r100), div-
ing into the expected filamentary structure. A stacking
analysis of eROSITA data at cluster positions in mass
and redshift bins seems promising. Still, for the gaseous
component, new optimized instruments will likely need
to be constructed to study individual systems. In the
X-ray regime, breakthroughs will be achieved with the
proposed Athena mission.
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