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STUDYING THE PROGENITORS OF OUR FAVORITE CLUSTERS AT z > 1

Background and Motivation
One of the most exciting new frontiers in extragalactic survey science anticipated for the 2020’s is
the detection of galaxy clusters at high redshifts over the whole sky, all the way back to z ⇠ 3,
when these objects first collapsed from the cosmic web. This will be accomplished by upcoming
multi-wavelength surveys, with the highest redshift clusters being probed by the NSF/DOE CMB-
S4 program and by the deepest Athena X-ray observations. Unveiling the properties (temperature,
entropy, metallicity) and evolution of the intracluster medium (ICM) and the AGN-star formation-
halo connection in these early-forming systems will be among the primary science goals of both
Athena and a Chandra successor mission (e.g., Lynx, AXIS). While many of the most exciting
questions about the initial formation of galaxy clusters must wait for these next-generation X-ray
missions, Chandra can lay an important foundation now by studying clusters in the 1 < z < 2
range, where to date only ⇠10 of the most massive systems have been observed.

The SPT-Chandra Surveys: A First Look at 10 Gyr of Cluster Evolution

Figure 1: This figure demonstrates Chandra’s ability
to measure structure in the ICM of clusters and to
detect member AGN (point sources) out to z ⇠ 2. The
top row shows a sample of the most massive, distant
SPT-selected clusters (McDonald et al. 2017).

Until recently, studies of distant galaxy clus-
ters were limited to a small number of extreme
systems, discovered serendipitously in deep X-
ray observations. However, the successes of
Sunyaev-Zel’dovich surveys have rapidly altered
the landscape of galaxy cluster research. In par-
ticular, the South Pole Telescope (SPT) has
surveyed 5000 deg2 of the southern sky over
the past 10 years, leading to the discovery of
nearly 1000 galaxy clusters, including >50 at
z > 1 (Bleem et al. 2015; Huang et al. in prep;
Bleem et al. in prep). SPT has proven uniquely
adept at finding massive high-z clusters, due to
its combination of angular resolution and depth.
The size of the SPT beam (⇠10) is well matched
to high-z clusters, particularly compared to the
Planck satellite’s larger beam (⇠70) which di-
lutes the SZ signature of distant systems.

The combination of SPT selection, which is red-
shift independent and only limited by the survey sensitivity (translating to a mass limit), with
relatively shallow Chandra follow-up has proven an extremely e�cient way of studying the growth
and evolution of the most massive galaxy clusters. Our group’s multi-cycle Chandra follow-up of
100 clusters spanning 0.25 < z < 1.85 from the first generation SPT cluster catalog yielded tremen-
dous scientific returns, including: (i) the discovery and characterization of the Phoenix cluster
(Williamson et al. 2011, McDonald et al. 2012, 2013, 2015); (ii) the evolution of cool cores (Semler
et al. 2012, McDonald et al. 2013, McDonald et al. 2017); (iii) the evolution of radio-mode feed-
back (Hlavacek-Larrondo et al. 2015); (iv) the evolution of the baryon fraction (Chiu et al. 2016,
2017); (v) the evolution of the dynamical state (Mantz et al. 2015, Nurgaliev et al. 2017, McDon-
ald et al. 2017); (vi) the evolution of the average thermodynamic profiles (McDonald et al. 2014);
(vii) the evolution of the ICM metallicity (McDonald et al. 2016; Mantz et al. 2017); (viii) the
co-evolution of the cluster and the central cluster galaxy (McDonald et al. 2017); (ix) precise
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Combining SZ + X-ray Data: Selection
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What Have We Learned from SPT-Chandra?

• Consider redshift dependence of density at fixed radius

MM et al. 2017
(X-ray study of the most distant SZ-selected clusters at z ~ 1.5)
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Fig. 2.— Upper left : Normalized gas density (ρg/ρcrit) versus normalized radius (r/R500) for the 8 clusters in the SPT-Hiz sample. This
panel highlights the large scatter in the cores, where non-gravitational processes such as cooling and feedback can shape the density profile,
compared to the small scatter at large radii (> 0.2R500) where clusters are remarkably self similar. Typical measurement uncertainties in
each radial bin are shown at the top, and are dominated by small number statistics at small radii and uncertainty in the background at
large radii. Upper middle: Average profiles in five different redshift bins. This panel demonstrates that ρg/ρcrit in the centers of clusters
has increased steadily by a factor of ∼5 over the past ∼10 Gyr. Outside of the core (r > 0.1R500), the density profiles appear to be
remarkably self similar. The shaded grey band shows the 1σ uncertainty in the mean profile for the high-z systems only, for clarity. Upper
right : Similar to the upper middle panel, but now showing the median profile, rather than the average, which is less sensitive to single
extreme systems. The lack of a measurable cusp in the high-z median implies that the first cool cores may have formed around z ∼ 1.6.
The shaded grey band shows the 1σ uncertainty in the mean profile for the high-z systems only, for clarity. Lower panels: Similar to
above, but now showing absolute, rather than normalized, ICM density versus physical radius. These panels demonstrates that much of
the “evolution” observed in the upper panels may be due to an unevolving central density coupled with an evolving value of ρcrit. The
scatter in median central (r < 0.012R500) density over the five redshift bins shown here is only ∼10%.

ters evolve self similarly outside of ∼0.15R500, over the
redshift range 0 < z < 1.2. In the cores of clusters, this
earlier work showed that the “peakiness” decreased sig-
nificantly with increasing redshift, leading to less cuspy
density profiles at early times. In Figure 2 we extend this
earlier analysis to include the 8 SPT-Hiz clusters pre-
sented in this work. In the upper left panel of Figure 2,
we show the gas density profiles for each of the SPT-Hiz
clusters, normalized to the critical density of the Uni-
verse (ρcrit ≡ 3H2/8πG) and in terms of the scaled ra-
dius, r/R500. These profiles show an order of magnitude
scatter in the innermost bin (r ∼ 0.01R500) and collapse
onto a single profile by r ∼ 0.3R500. At large radii, the
increased scatter is due to increased noise in the mea-
surements, rather than real, physical scatter as observed

in the cores. Next to these individual clusters, we show
the average profile in 5 different redshift bins, spanning
0 < z < 1.9. As in McDonald et al. (2013), we see a
flattening of the profile with redshift, which appears to
extend to z > 1.2. Given that the average profile can be
biased towards cool cores (which have very high central
density), we also show the median profile in the right-
most panel. The median profile is computed by taking
the median density at each radius for all clusters within
a given redshift range. This panel demonstrates that the
median cluster at 1.2 < z < 1.9 has no visible cusp in the
inner density profile (dρg/dr ∼ 0 for r < 0.1R500). These
data show that, while some clusters at z ∼ 1.6 do have
central density cusps (see also Brodwin et al. 2016), they
are in general less peaky than their low-z counterparts.
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the average profile in 5 different redshift bins, spanning
0 < z < 1.9. As in McDonald et al. (2013), we see a
flattening of the profile with redshift, which appears to
extend to z > 1.2. Given that the average profile can be
biased towards cool cores (which have very high central
density), we also show the median profile in the right-
most panel. The median profile is computed by taking
the median density at each radius for all clusters within
a given redshift range. This panel demonstrates that the
median cluster at 1.2 < z < 1.9 has no visible cusp in the
inner density profile (dρg/dr ∼ 0 for r < 0.1R500). These
data show that, while some clusters at z ∼ 1.6 do have
central density cusps (see also Brodwin et al. 2016), they
are in general less peaky than their low-z counterparts.

Similarity-breaking
evolution
in cores!

Credit: X-ray: NASA/CXC/Caltech/A.Newman et al/Tel Aviv/A.Morandi & M.Limousin; 
Optical: NASA/STScI, ESO/VLT, SDSS
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McDonald et al. 2017
(Chandra analysis of `~100 clusters at z=0.3 – 1.7)

No strong evolution in merger fraction

Credit: X-ray: NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScI; 
Magellan/U.Arizona/D.Clowe et al.
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8 Flores et al.

Table 3. Values of A500 amd "500 as well as inner and outer metallicity measurements for the 10 high redshift clusters in this sample.

Cluster A500 (Mpc) "500 (1014"�) ///� (0 � 0.3A500) ///� (0.3 � 1.0A500)

XLSSC 029 0.50 ± 0.03 1.2 ± 0.2 0.58+0.55
�0.50 0.33+0.24

�0.32

RDCS J1252 0.48 ± 0.03 1.3 ± 0.3 0.38+0.80
�0.35 0.33+0.30

�0.20

SPT J2341 0.59 ± 0.03 2.4 ± 0.4 1.23 ± 0.50 0.08+0.22
�0.07

SPT J0640 0.58 ± 0.03 2.4 ± 0.4 0.31+0.26
�0.20 0.22+0.20

�0.19

SPT J0205 0.64 ± 0.03 3.3 ± 0.5 0.00+0.65
�0.00 0.18+0.35

�0.15

1WGA J2235 0.45 ± 0.02 1.2 ± 0.2 0.18+0.55
�0.15 0.00+0.70

�0.00

SPT J0607 0.51 ± 0.04 1.8 ± 0.4 0.58+0.35
�0.40 0.03+0.38

�0.02

SPT J0313 0.46 ± 0.02 1.5 ± 0.2 0.23+0.83
�0.20 0.39+0.24

�0.30

SPT J2040 0.51 ± 0.03 2.0 ± 0.3 0.28+1.25
�0.25 0.19 ± 0.18

SPT J0459 0.457 ± 0.018 1.8 ± 0.2 0.67+0.30
�0.24 0.21+0.11

�0.15

Table 4. Constraints on the model of power law evolution of ICM metallic-

ity, / = /0

⇣
1+I

1+Ipiv

⌘W
, as well as the intrinsic scatter and Chandra cross-

calibration factor. The constraint on metallicity is given for the pivot redshift
that minimizes the correlation between the normalization and the evolution
power law slope.

Ipiv 0.09

/0//� 0.321+0.014
�0.016

W �0.5+0.4
�0.3

fln / < 0.09

ln
⇣
///Cha

⌘
0.28+0.10

�0.07

in these high redshift systems to approach the levels of enrichment
we see in local clusters today, a significant fraction of the production,
and subsequent mixing, of these metals must have occurred at very
early times, before the clusters formed and likely before redshift
I ⇠ 2. Our results point to an intense early period of star formation
and associated AGN activity in proto-cluster environments that both
generated the metals and expelled them from their host galaxies
into the surrounding intergalactic medium. These metals became
well mixed within the intergalactic medium that later accreted onto
clusters, providing a foundation for the near-uniform metallicity in
cluster outskirts, both within individual clusters and from system to
system, that we observe today. At the same time, our results provide
a first tantalizing indication (albeit at ⇠ 68 per cent confidence) for
a possible increase in the metallicity of the ICM at large radii from
⇠ 0.2 /� at I ⇠ 2 to ⇠ 0.3 /� today. This late-time enrichment, if
confirmed, must occur in a way that preserves the spatial uniformity
of metal abundances seen in well studied, low-redshift clusters.

Our results also indicate the presence of central metallicity gra-
dients (also at modest significance) in two of the clusters in our
sample, SPT J2341 and SPT J0459 (see Table 3); the MCMC pos-
teriors indicate /in//out ⇠2, with detections of central metallicity
enhancements at the 96 and 90 per cent confidence level, respectively.
Subcluster merger events are thought to be e�ective at disrupting cen-
tral metallicity gradients (e.g. Allen & Fabian 1998; De Grandi &
Molendi 2001; Rasia et al. 2015). The presence of metallicity gradi-

Redshift

Fe
 a

bu
nd

an
ce

 (s
ol

ar
)

0.0 0.5 1.0 1.5 2.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

1.
2

1.
4

Chandra/Suzaku Only (2017)
Mantz et al. 2020
This Work

Figure 5. 68% confidence constraints on the power-law evolution of outer
metallicity as a function of redshift, / / (1 + I)W . Red constraints use
observations from Suzaku (black points) and Chandra (binned black boxes;
68% and 95% confidence intervals; Mantz et al. 2017). Suzaku and Chandra
data have been rescaled to the Asplund et al. (2009) Solar reference, and
Chandra measurements have an additional cross-calibration factor applied as
described in Mantz et al. (2017). Green constraints add a measurement of
SPT J0459 at I = 1.71 (Mantz et al. 2020). The blue region shows the new
constraints from this work, with the inclusion of 10 deep cluster observations
spanning 1.05 < I < 1.71 (including a re-analysis of SPT J0459). The new
high-z data support a model in which significant enrichment of the ICM
occurs at high redshifts (I > 2), though they allow (and require at 68 per cent
confidence) some ongoing enrichment at lower redshifts.

ents in these systems (at redshifts I = 1.26 and I = 1.71, respectively)
may indicate that they have not yet undergone a merger event violent
enough to disrupt and mix their central metallicity peaks.

While the tightening of the evolutionary model constraints with
the addition of the data presented here is impressive, it should be

MNRAS 000, 1–10 (2020)

Flores et al. 2021
(XMM-Newton + Chandra analysis of the most distant SZ-selected clusters at z ~ 1.5)

~1𝜎 
evidence 
for evolving 
metallicity

X-ray: NASA/CXC/SAO; Optical: NASA/ESA/STScI; IR: NASA/ESA/CSA/STScI/Milisavljevic 
et al., NASA/JPL/CalTech; Image Processing: NASA/CXC/SAO/J. Schmidt and K. Arcand
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where Δne,0 is the uncertainty associated with each point, the
model = +n z 10e

az b
,0ˆ ( ) is characterized by a= 0 under H0 and

a≠ 0 under H1, b is free in both cases, and σ is the intrinsic
scatter associated with the distribution presented in Figure 10.
We sample the values of the core densities within their
uncertainties and realize 10,000 Monte Carlo (MC) realizations
of the fit of the distribution with the model n ze,0ˆ ( ) under
the two hypotheses. For each realization, we compute the
significance of the test =Z q0 , following Wilk’s theorem.
We find that the significance of the test is lower than 3 for
92.5% of the MC realizations. The H0 hypothesis is not
rejected and the distribution of core densities shown in
Figure 10 is thus fully compatible with a nonevolving
distribution. We note, however, that this analysis does not
exclude nonlinear models. There is a hint of an increased
fraction of high-density cores at z> 1 with respect to the
distribution observed at z< 1. However, there are only six
clusters at z> 1 in the progenitor sample. Therefore, this effect
is not significant given the large binomial uncertainty
associated with this small subsample of six clusters.

We compute the cool-core fraction based on the core ICM
densities estimated in four redshift bins in order to study its
redshift evolution. The bins are defined between 0.3< z< 1.3
in order to contain the same number of clusters, i.e., 16 or 17
clusters. We assume that cool-core clusters are characterized by
a core ICM density ne,0> 1.5× 10−2 cm−3, following the
results from Hudson et al. (2010). We want to emphasize that
any cool-core criterion is always somewhat arbitrary as there
does not appear to be a sharp transition between systems with
high and low core entropy but rather a continuous distribution,
(e.g., Voit et al. 2005; Pratt et al. 2006; Ghirardini et al. 2017).
Our results on the cool-core fraction thus depend on the choice
of threshold that we consider to classify a cluster as a cool core.
The value that we consider here as a threshold on the ICM
density has already been used in past studies (e.g., McDonald
et al. 2017) and is motivated by the work from Hudson et al.
(2010). We estimate the uncertainties associated with the cool-
core fractions by propagating the measurement errors asso-
ciated with each data point in the left panel of Figure 10 and by
summing the corresponding uncertainty on the cool-core

fraction in quadrature with the binomial uncertainty derived
from Cameron (2013). The cool-core fractions estimated in the
four redshift bins along with their corresponding 1σ uncertain-
ties are shown in the right panel of Figure 10.
We observe that the cool-core fraction is not evolving with

redshift in the progenitor sample given the size of the bins
considered in this work. Although clusters have been growing
in mass by a factor of 4 in the past 9 Gyr, there does not appear
to be any impact by the mass accretion on their gas density
content and on the subsequent cool-core fraction.

6. Discussion and Perspectives

The results obtained from the joint X-ray/SZ analysis
described in Section 3.4.2 demonstrate that it is not essential to
measure ∼1000 cluster counts in order to estimate the ICM
density profile of SZ-selected clusters with relative uncertain-
ties of the order of 20%. The integrated Compton parameter is a
quantity that is available in most SZ cluster catalogs. It can
directly be used as a constraint on the ICM temperature in the
fitting procedure of the X-ray surface brightness profile without
requiring dedicated analyses of millimeter data. This result
opens the possibility of studying hundreds of low-redshift
clusters (z< 0.5) with exposures of the order of 1 ks per cluster.
Moreover, together with the increasing sensitivity of SZ cluster
surveys (Benson et al. 2014; De Bernardis et al. 2016), joint
X-ray/SZ analyses offer a new path toward the characterization
of low-mass systems at low redshifts at relatively low cost.
The results described in Section 5 are consistent with the

ones established in previous studies (e.g. McDonald et al.
2017; Sanders et al. 2017) focusing on mass-selected samples
containing clusters that follow different evolutionary tracks in
the mass–redshift plane (see Figure 1). This indicates that cool
cores are formed early, at z> 1.3, in the structure formation
history and stay on average unaffected by AGN feedback
during cluster growth. This also implies that cool-core
disruption by mergers (e.g. Gomez et al. 2002; Douglass
et al. 2018; Chadayammuri et al. 2021) has to be compensated
by cool-core restoration mechanisms in timescales that are
shorter than the Hubble time (Rossetti et al. 2011) in order to
maintain a constant fraction of cool-core clusters with redshift.

Figure 10. Left: core electron densities estimated at 10 kpc for each cluster in the progenitor sample as a function of redshift. The dashed–dotted line shows the
considered boundary between cool-core and non-cool-core clusters. Right: cool-core fractions estimated by using the core density distribution shown in the left panel
in four redshift bins with similar numbers of clusters. The size of the diamonds in each direction gives the 1σ error bar that also take the binomial uncertainty into
account. In both panels, the upper axis gives the lookback times associated with the four redshift bins considered to estimate the cool-core fraction (see Section 5.)
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The Astrophysical Journal, 918:43 (19pp), 2021 September 10 Ruppin et al.

CEREAL
(White in prep)

Ruppin, MM, et al. 2021
(Chandra analysis of 67 ”progenitor-selected” SPT clusters)
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image have been analyzed using the joint X-ray/SZ analysis
detailed in Ruppin et al. (2021). We jointly fit the Chandra
surface brightness profile and the SPT integrated Compton
parameter using a VPM model for the ICM density and a
generalized Navarro–Frenk–White model (Nagai et al. 2007)
for the ICM pressure. This procedure allows us to bypass the
analysis of the X-ray spectrum of these clusters as they do not
present enough counts to enable measuring reliable X-ray
temperatures. Following Hudson et al. (2010), we classify a
cluster as a cool core if the central ICM density measured at
10 kpc is such that ne,0> 1.5× 10−2 cm−3.

We finally estimate the isochoric cooling time profile:

( ) ( )
( )

( )=
+

L
t r

n n k T

n n T Z
3
2 ,

, 3e p B e

e p e
cool

where np= ne/1.199 is the ICM proton density assuming the
ionization fraction of a fully ionized plasma with an abundance
of 0.3 Ze (Anders & Grevesse 1989). The ICM temperature
profile kBTe is either the one obtained from the deprojection of
the Chandra spectra of the XVP clusters or the one obtained
from the combination of the ICM electron density (ne) and
pressure (Pe) profiles: kBTe= Pe/ne. We use the cooling
function estimated by Sutherland & Dopita (1993) for an
optically thin plasma with a 0.3 Ze metallicity to compute
Λ(Te, Z).

We estimate the cooling radius of each cluster as the radius
enclosing a plasma with a cooling time lower than 7.7 Gyr. We
use this threshold to enable comparing our results to the ones
obtained in previous studies (Rafferty et al. 2006; Hlavacek-
Larrondo et al. 2012, 2015) that use this definition of the
cooling radius. We estimate the X-ray luminosity between 0.2
and 100 keV within the cooling radius using the CIAO tool
modelflux. The error bars on the estimated luminosity are

obtained by varying the size of the the cooling radius to
account for the uncertainty on the cooling time profile as well
as by sampling the uncertainty on the ICM temperature within
the cooling radius. We note that the definition of the cooling
radius used here for consistency reasons with previous studies
is not well adapted for clusters at z 1. Indeed, the lookback
time at z= 1 is 7.7 Gyr. The X-ray emitting gas at the cooling
radius had therefore the time to cool at the time of the
observations. However, this definition is used in most studies to
define the typical size of a cluster core up to z= 1.2 (see
Hlavacek-Larrondo et al. 2022 for a review). Furthermore, the
difference in lookback time at z= 1 (7.7 Gyr) and at z= 1.3
(8.7 Gyr) is only 1 Gyr, which is less than the typical
uncertainty that we obtain for the cooling time profiles at the
cooling radius. Our results are summarized in Tables 1 and 2.

5. Evidence for Constant Feedback to Cooling Ratio with
Redshift

We use our estimates of the AGN cavity power Pcav
(Section 3) and X-ray luminosity inside the cooling radius Lcool
(Section 4) to study the redshift evolution of the Pcav/Lcool ratio
in our sample of cool-core clusters. The results are presented as
red points in Figure 3. Among the 27 cool-core clusters in our
sample, 15 do not display any significant radio signal at the
BCG location in the ATCA data and are presented as upper
limits. All but two clusters in our cool-core sample verify
Pcav/Lcool< 10, in agreement with the results obtained by
Rafferty et al. (2006) and Hlavacek-Larrondo et al.
(2012, 2015) at low redshift (blue symbols). The cluster
SPT-CLJ0528-5300 at z= 0.77 has already been studied in
detail by Calzadilla et al. (2019) who find a ratio of
Pcav/Lcool; 63, in agreement with our estimate. The case of
SPT-CLJ2245-6206 at z= 0.58 with Pcav/Lcool; 91 will be

Figure 3. Ratio between the AGN mechanical power and the X-ray luminosity within the cooling radius at 7.7 Gyr in logarithmic scale, for different samples, as a
function of redshift. The blue area corresponds to the 2σ confidence region of the power-law fit to the Rafferty et al. (2006) and Hlavacek-Larrondo et al. (2012)
samples. The red line and its associated 1σ and 2σ confidence regions shows the best-fit redshift evolution of the Pcav/Lcool ratio including our sample of 27 cool-core
clusters (red points). We also show the results obtained for the noncool-core clusters (purple points) for our discussion in Section 6.3. Neither the noncool-core points
nor the Hlavacek-Larrondo et al. (2015) data are included in the power-law fits. We highlight SPT-CLJ2245-6206 with a black background hexagon.
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The Astrophysical Journal, 948:49 (10pp), 2023 May 1 Ruppin et al.
Ruppin, MM, et al. 2023

(Chandra+SPT+ATCA analysis of 48 ”progenitor-selected” SPT clusters)

Credit: X-ray: NASA/CXC/Univ. Waterloo/B.McNamara; 
Optical: NASA/ESA/STScI/Univ. Waterloo/B.McNamara; Radio: NRAO/Ohio Univ./L.Birzan et al.

No evolution in cooling/feedback balance
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The SPT-Deep Cluster Catalog 13

Figure 7. The SPT-Deep catalog on a M500c - redshift plot compared to other SZ-selected cluster samples (ACT, Planck,
SPT-SZ / SPTpol). We note that clusters with redshift z > 1.6 can only be reliable confirmed to be at least at z = 1.6 as
the color-color relation used to obtain IR redshifts flattens out above this redshift threshold. The redshifts shown for z > 1.6
clusters are drawn from an n(z) halo-mass function probability distribution assuming a fixed cosmology.

median separation of 0.49→ ± 0.05→, and a median mass909

ratio of 100±3.6%. Of the 10 clusters not cross-matched,910

1 lies in a masked region in SPT-Deep, and the remain-911

ing clusters have a median significance of 4.3 in the ACT912

catalog, with a maximum significance of 4.8.913

7.1.3. eRosita/eRASS1 Cosmology Catalog914

We find 22 clusters in the eROSITA/eRASS1 galaxy915

groups and clusters cosmology catalogue (Bulbul et al.916

2024) that lie within the SPT-Deep footprint, with 18917

cross-matches. Of the cross-matched clusters we find a918

median separation of 0.41→ ± 0.37→, and a median mass919

ratio of 84± 22%. We note that the cluster masses esti-920

mated in the eROSITA catalog assumes a di!erent cos-921

mology than what was used in SPT-Deep, most notably922

a ω8 value of ω8 = 0.86, which will contribute to the mea-923

sured discrepancy in cluster masses. Of the 4 clusters924

not cross-matched, 3 lie in regions masked in SPT-Deep.925

The remaining cluster, 1eRASS J234603.8→583758 has926

a redshift of z = 0.11 where filtering of SPT maps sig-927

nificantly decreases the completeness of the SPT-Deep928

catalog.929

8. IMPACT OF COSMIC INFRARED930

BACKGROUND ON CLUSTER FINDING931

The unprecedented depth of the SPT-Deep catalog932

enables the exploration of cluster populations at lower933

masses and higher-redshifts than previously possible;934

we leverage these properties to investigate the impact935

of one of the primary foreground contaminants in the936

high-redshift regime—the correlated CIB sourced by the937

emission of cluster member galaxies—on the cluster se-938

lection function. We begin by exploiting the broad939

frequency coverage and depth of the SPT-Deep CMB940

Kornoelje et al. (in prep)
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Summary
• The combination of mm-wave 

selection and X-ray follow-up with 
Chandra has enabled evolutionary 
studies of the ICM over 10 Gyr

– See also talks by Steve Allen, Michael 
Reefe, Michael Calzadilla

• In the next 5-10 years we will 
discover galaxy clusters shortly after 
their birth (z ~ 3) with SZ surveys. 

– Understanding the physics that 
governs them requires new 
methodology/technology

STUDYING THE PROGENITORS OF OUR FAVORITE CLUSTERS AT z > 1

Background and Motivation
One of the most exciting new frontiers in extragalactic survey science anticipated for the 2020’s is
the detection of galaxy clusters at high redshifts over the whole sky, all the way back to z ⇠ 3,
when these objects first collapsed from the cosmic web. This will be accomplished by upcoming
multi-wavelength surveys, with the highest redshift clusters being probed by the NSF/DOE CMB-
S4 program and by the deepest Athena X-ray observations. Unveiling the properties (temperature,
entropy, metallicity) and evolution of the intracluster medium (ICM) and the AGN-star formation-
halo connection in these early-forming systems will be among the primary science goals of both
Athena and a Chandra successor mission (e.g., Lynx, AXIS). While many of the most exciting
questions about the initial formation of galaxy clusters must wait for these next-generation X-ray
missions, Chandra can lay an important foundation now by studying clusters in the 1 < z < 2
range, where to date only ⇠10 of the most massive systems have been observed.

The SPT-Chandra Surveys: A First Look at 10 Gyr of Cluster Evolution

Figure 1: This figure demonstrates Chandra’s ability
to measure structure in the ICM of clusters and to
detect member AGN (point sources) out to z ⇠ 2. The
top row shows a sample of the most massive, distant
SPT-selected clusters (McDonald et al. 2017).

Until recently, studies of distant galaxy clus-
ters were limited to a small number of extreme
systems, discovered serendipitously in deep X-
ray observations. However, the successes of
Sunyaev-Zel’dovich surveys have rapidly altered
the landscape of galaxy cluster research. In par-
ticular, the South Pole Telescope (SPT) has
surveyed 5000 deg2 of the southern sky over
the past 10 years, leading to the discovery of
nearly 1000 galaxy clusters, including >50 at
z > 1 (Bleem et al. 2015; Huang et al. in prep;
Bleem et al. in prep). SPT has proven uniquely
adept at finding massive high-z clusters, due to
its combination of angular resolution and depth.
The size of the SPT beam (⇠10) is well matched
to high-z clusters, particularly compared to the
Planck satellite’s larger beam (⇠70) which di-
lutes the SZ signature of distant systems.

The combination of SPT selection, which is red-
shift independent and only limited by the survey sensitivity (translating to a mass limit), with
relatively shallow Chandra follow-up has proven an extremely e�cient way of studying the growth
and evolution of the most massive galaxy clusters. Our group’s multi-cycle Chandra follow-up of
100 clusters spanning 0.25 < z < 1.85 from the first generation SPT cluster catalog yielded tremen-
dous scientific returns, including: (i) the discovery and characterization of the Phoenix cluster
(Williamson et al. 2011, McDonald et al. 2012, 2013, 2015); (ii) the evolution of cool cores (Semler
et al. 2012, McDonald et al. 2013, McDonald et al. 2017); (iii) the evolution of radio-mode feed-
back (Hlavacek-Larrondo et al. 2015); (iv) the evolution of the baryon fraction (Chiu et al. 2016,
2017); (v) the evolution of the dynamical state (Mantz et al. 2015, Nurgaliev et al. 2017, McDon-
ald et al. 2017); (vi) the evolution of the average thermodynamic profiles (McDonald et al. 2014);
(vii) the evolution of the ICM metallicity (McDonald et al. 2016; Mantz et al. 2017); (viii) the
co-evolution of the cluster and the central cluster galaxy (McDonald et al. 2017); (ix) precise

1
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Figure 3. Comparison of independent 𝐿-model fits to both XMM-Newton and Chandra surface brightness profiles (SBP) for SPT J0640. Counts from each
detector have been converted to the same intensity units using pimms. The shaded regions are the 68.3 per cent confidence constraints. The same Chandra fit
is used throughout (0.6−2.0 keV), while fits were made to XMM SBPs extracted from images generated in 5 different energy bands. The agreement observed
validates the XMM-Newton PSF model used in the analysis.

4 RESULTS

4.1 Gas Density and Gas Mass Profiles

Our XMM-Newton observations allow us to determine the density
and mass profiles of the ICM with a resolution of 5′′ − 10′′, well
matched to the size of the instrumental PSF. The clusters were di-
vided into 10-15 annular regions, depending on the visible extent of
the emission (typically > 1.5𝐿500). Using the methodology outlined
in Section 3, we first modelled the emission from all spherical shells
with a common temperature and metallicity, but independent nor-
malizations. The normalization acts as a proxy for emissivity, which
can be converted into physical gas density, assuming a mean molec-
ular mass of 𝑀 = 0.61𝑁𝑀 , a reference cosmology, and the measured
cluster redshift. These density profiles are integrated to determine
the cumulative gas mass profiles for the clusters.

In order to compare and combine measurements of our target
clusters, we need to define an appropriate reference radius, for which
we adopt 𝐿500 (typically about half of the virial radius). We compute
the value of 𝐿500 by solving the implicit equation

𝑂500 = 𝑂 (𝐿500) =
𝑂gas (𝐿500)
𝑃gas (𝐿500)

=
4
3
𝑄500𝑅cr (𝑆)𝐿3

500, (2)

where 𝑅cr is the critical density of the Universe at the redshift of the
cluster and 𝑃gas (𝐿500) is taken to be 0.125, based on X-ray measure-
ments of clusters at redshifts of 𝑆 ! 1.0; (Mantz et al. 2016). We
expect this assumption to hold for the higher redshifts included in

our sample, as the gas mass fraction likely does not evolve at inter-
mediate radii for massive clusters (see Eke et al. 1998; Nagai et al.
2007; Battaglia et al. 2013; Planelles et al. 2013; Barnes et al. 2017;
Singh et al. 2020). The values of 𝐿500 for each cluster are reported
in Table 3. We note that the results presented for ICM metallicity
at intermediate radii in Section 4.2 are relatively insensitive to the
precise value of 𝐿500 and, thus, on the method used to estimate it.

4.2 Metallicity Profiles

Our main goal is to measure the metallicity of the ICM at intermediate
radii. However, due to the size of the XMM PSF, we must simultane-
ously model emission from the gas both interior and exterior to this
spatial region to obtain accurate results. Our X-ray data have suffi-
cient spatial resolution and depth to measure the metallicity of each
cluster in two independent bins: 0−0.3𝐿500, 0.3𝐿500−𝐿500. Beyond
𝐿500, while the metallicity (and temperature) of the ICM cannot be
measured precisely, the emissivity can still be determined, out to the
maximum extent of the visible emission (Section 3.2). In practice,
we do this by binning the outermost spectrum into a single energy
bin, thereby providing a measure of surface brightness in that re-
gion. The mixing matrix calculation accounts for the radial surface
brightness distribution within each region and provides the correct
links between models in our spectral fits. The inclusion of the emis-
sion from the outer regions in the analysis aids in the determination
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corresponding emission measure profiles. In particular, as the
spectroscopic temperature tends toward zero, the emission
measure tends toward infinity for a nonzero surface brightness
(see Equation (3)). In practice, we set a minimum boundary for
the ICM temperature of 0.5 keV to ensure the plasma to be
X-ray emitting. This ensures the systematic uncertainty
associated with the emission measure profile to be finite.

On the other hand, the median relative uncertainty on the
SPT-integrated Compton parameter is 25%. For a given density
model, this drastically limits the uncertainty on the associated
temperature model needed to compute the emission measure
profile. Thus, at each step of the joint X-ray/SZ MCMC
analysis, the uncertainty on the emission measure profile is
dominated by the Poisson fluctuations of the surface brightness
profile and not by the systematic uncertainty induced by the
lack of constraints on the temperature profile.

We show how these effects translate into important gains on
the relative uncertainties associated with the ICM density
profile in Figure 8. We show the ICM density profiles estimated
for SPT-CLJ0304-4921 using a standard X-ray analysis with all
2298 counts available (left) and with a downsampled event file
containing 167 counts in the 0.7–2 keV band (middle). The
density profile estimated with a joint X-ray/SZ analysis with
167 counts and the SPT-integrated Compton parameter is
shown in the right panel. All three profiles are compatible
within their uncertainties. However, on the one hand, the
relative uncertainty associated with the density profile obtained
with a standard X-ray analysis of the downsampled event file
(middle) varies between 95% and 130% between 10 and
500 kpc. On the other hand, the relative uncertainty associated
with the density profile computed with the joint X-ray/SZ
analysis (right) varies between 10% and 30% in the same radius
range. We conducted this comparison for all clusters in the
high-S/N subsample and computed the gain in relative
uncertainty on the density profile between 20 and 400 kpc as
this corresponds to the radius range where the average S/N is
higher than 2 in the downsampled event files (cf. Section 2.3).
On average, we observe that the relative uncertainty on the
ICM density profile is decreased by a factor of ∼2.5 in the core
and in the outskirts, and by a factor of ∼8 in the intermediate
regions around 200 kpc by analyzing jointly the Chandra data
and the SPT-integrated Compton parameter. In the case of
SPT-CLJ0304-4921, the mean relative uncertainty between 10
and 500 kpc on the density profile obtained with a standard
X-ray analysis of all available counts (left) is 10%. On average,

there is a factor of 7 between the number of available counts in
the high-S/N and the low-S/N subsample (see Appendix A).
Thus, for a known ICM temperature, we expect a factor of

7 2.6 increase of the relative uncertainty on the density
profile between the standard X-ray analysis based on all
available counts and the joint X-ray/SZ analysis based on the
downsampled event files. As this is indeed the typical factor
observed in our analyses, we conclude that the final
uncertainties on the ICM density profiles derived from the
joint X-ray/SZ analysis are limited by the Poisson fluctuations
in the X-ray surface brightness profile.

4.3. SZ Systematic Effects

The gain in constraining power demonstrated in Section 4.2
comes from the use of the SPT-integrated Compton parameter

¢YSZ
0. 75 as a constraint of the ICM pressure content. It is therefore

essential to ensure that any systematic effect associated with the
measurement of this quantity is well characterized.
In particular, the high-redshift and low-mass end of the

progenitor sample might be affected by Eddington bias, which
induces an overestimation of ¢YSZ

0. 75. The corresponding clusters
are all part of the SPTpol 100 deg2 catalog (Huang et al. 2020).
In Appendix C, we compare the integrated Compton estimates
for clusters detected in both the SPT-SZ and SPTpol 100 deg2

surveys to estimate the fraction of clusters significantly affected
by Eddington bias in the SPTpol 100 deg2 sample. It shows that
only two clusters out of the 17 SPTpol 100 deg2 clusters
considered in this work have a ¢YSZ

0. 75 estimate lying below the
conservative limit below which we consider the SPTpol 100
deg2 clusters to be significantly affected by Eddington bias.
Furthermore, these two values of ¢YSZ

0. 75 are consistent with the
considered limit of ´ -3.45 10 arcmin5 2. Therefore, Eddington
bias is not significantly overestimating the SPT-integrated
Compton parameters considered in this work.
In addition, the SPT-integrated Compton parameters are

estimated by using the SZ detection centers while our analysis
considers the X-ray centroid as a deprojection center. This
difference might also overestimate the values of ¢YSZ

0. 75

compared to the ones that would be otherwise obtained by
using the X-ray centroids. We estimated the angular distance
between the SZ and X-ray centroids for each cluster in the
progenitor sample. We find a median deviation of 19″ with a
standard deviation of 9″. As the SPT beam is well characterized
by a Gaussian with an FWHM of 1′, this median difference

Figure 8. Density profiles of SPT-CLJ0304-4921 obtained with a standard X-ray analysis based on 2298 counts (left), with the same analysis based on 167 counts
(middle), and with the joint X-ray/SZ analysis described in Section 3.4 based on 167 counts and the SPT-integrated Compton parameter (right). In each panel, the
solid line shows the best-fit estimate of the ICM density profile, and the dark and light-colored regions give the 1σ and 2σ confidence levels, respectively.
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model, this drastically limits the uncertainty on the associated
temperature model needed to compute the emission measure
profile. Thus, at each step of the joint X-ray/SZ MCMC
analysis, the uncertainty on the emission measure profile is
dominated by the Poisson fluctuations of the surface brightness
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lack of constraints on the temperature profile.
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the relative uncertainties associated with the ICM density
profile in Figure 8. We show the ICM density profiles estimated
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(middle) varies between 95% and 130% between 10 and
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with the density profile computed with the joint X-ray/SZ
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high-S/N subsample and computed the gain in relative
uncertainty on the density profile between 20 and 400 kpc as
this corresponds to the radius range where the average S/N is
higher than 2 in the downsampled event files (cf. Section 2.3).
On average, we observe that the relative uncertainty on the
ICM density profile is decreased by a factor of ∼2.5 in the core
and in the outskirts, and by a factor of ∼8 in the intermediate
regions around 200 kpc by analyzing jointly the Chandra data
and the SPT-integrated Compton parameter. In the case of
SPT-CLJ0304-4921, the mean relative uncertainty between 10
and 500 kpc on the density profile obtained with a standard
X-ray analysis of all available counts (left) is 10%. On average,
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uncertainties on the ICM density profiles derived from the
joint X-ray/SZ analysis are limited by the Poisson fluctuations
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Timmerman, R., et al.: A&A, 687, A31 (2024)

Fig. 1. High-resolution LOFAR images of all detected BCGs in the galaxy clusters in our sample. The radio source 4C 67.46 was added as this
galaxy of RX J1716+6708 is a prominent member of the cluster at radio wavelengths and may be confused with the BCG at low angular resolutions.
The color maps range from three times the rms noise level to the peak brightness. The scale bar in the bottom right corner of each panel measures
the listed physical length at the redshift of the respective clusters. The size of the beam is indicated by the black ellipse in the bottom left corner of
each panel.

use the M500 reported in Table 1 to compute the P500 expected
in the standard self-similar model (e.g., Nagai et al. 2007). For
RX 1226+3333, instead, the pressure profile of the ICM was
determined by Romero et al. (2018) using Sunyaev–Zel’dovich
(SZ) observations, and therefore we directly adopted the value
measured via SZ. For the pressure acting on the radio lobe, the
ICM pressure at the central position of the radio lobes is used, as
this has been found to be a reasonable estimate for the pressure
surrounding the entire radio lobe (Hardcastle & Krause 2013).

Using the measured volumes of the radio lobes, the ICM
pressure estimates, and our assumption for the stellar velocity
dispersion of the BCGs, we calculate the final cavity power
as the ratio between the cavity enthalpy and the buoyancy
timescale. Our measurements for the radio lobe dimensions and
local ICM pressures are summarized together with the resulting
cavity powers in Table 3. We find that EGSXG J1420.5+5308
and RX J1226+3333 contain the most radio-mode feedback of
our sample, with cavity powers of around 84.3⇥1042 erg s�1 and
155⇥1042 erg s�1, respectively. Meanwhile, the small radio lobes
detected in EGSXG J1416.2+5205 only correspond to a cavity
power of around 0.77 ⇥ 1042 erg s�1 in total.

6. Discussion

The operation of radio-mode feedback has remained poorly
quantified at high redshifts (z > 0.6). Although signifi-
cant progress has been made using X-ray observations (e.g.,
Hlavacek-Larrondo et al. 2015), the observational requirement
to clearly detect cavities in the ICM at high redshifts forms a bot-

tleneck. In Timmerman et al. (2022), we verified that at low red-
shifts high-resolution, low-frequency radio observations taken
with the ILT can be used in conjunction with X-ray observa-
tions to measure the output power of the AGN, thereby making
these measurements more feasible. In this work, we applied this
method to a high-redshift sample of galaxy clusters for the first
time to obtain the first measurements of the energy injected by
the AGN into its cluster environment for these systems and to
confirm the feasibility of this hybrid method in this regime.

6.1. Radio-lobe detections

Of the original high-redshift sample of 13 cool-core galaxy
clusters compiled by Santos et al. (2008, 2010) and Pascut &
Ponman (2015), six had previously been detected at radio wave-
lengths and were therefore selected for high-resolution imaging.
Of these six clusters, we detected radio lobes associated with
three BCGs and one additional cluster member. This corresponds
to a 23% detection rate of radio lobes, which is significantly
higher than the 4.7% detection rate (2 out of 43) previously
achieved using X-ray observations of the SPT-SZ sample within
the same redshift range (McDonald et al. 2013; Bleem et al.
2015; Hlavacek-Larrondo et al. 2015; Bocquet et al. 2019).
However, we note that two of our systems were not bright
enough to confirm whether or not the radio lobes extend below
the sensitivity limit of our observations. Therefore, the radio lobe
volumes and the associated cavity powers can conservatively be
considered to form lower limits on the true cavity volume and,
hence, the power.
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Fig. 3. Radio-estimated cavity volumes versus X-ray-estimated cavity
volumes. The blue data points indicate the measurements derived using
high-resolution observations, while the black data points indicate the
measurements derived using low-resolution observations. The dashed
line indicates the line of equality. The open markers indicate the cavities
for which the radio lobe does not visually match the cavity as observed
in the X-ray.

Fig. 4. Schematic of the construction used to estimate the uncertainties
on the cavity volume measurements.

volume probability distribution function, with the 68.3% confi-
dence interval serving as the projection-based uncertainty.

In some cases, a direct comparison between the X-ray cav-
ity and the observed radio lobes is not possible. For instance,
Ra↵erty et al. (2006) only report one cavity in the case of
Abell 1795 and Abell 2029, leaving it unknown which radio lobe
should match this cavity. Based on the significant di↵erence in
the reported distance to the center between the X-ray cavity
and the radio lobe, it is safe to conclude that these do not cor-
respond to the same structure. Similarly, although two cavities
are reported in 2A 0335+096, the perturbed structure at the core
hampers a certain match between the X-ray cavities and the radio
lobes. Finally, in the case of Abell 1668, cavities are detected
toward the north and northwest of the center, whereas the radio
lobes are detected at larger radii toward the south and northeast.
Due to these issues, the aforementioned systems are excluded
from Fig. 3.

Following this comparison, we proceed by calculating the
cavity power corresponding to the observed radio lobes. For
this calculation, we follow the same Monte Carlo procedure
as before, where we assume a random orientation and use the
resulting true cavity volume and distance to the center of the
cluster to calculate the cavity volume. For the ICM pressure, we
assume the same values used in literature for the X-ray cavity
power estimates and do not vary this with radius as the pressure
profiles are generally not published.

For the consistency of the uncertainties on the data, we also
calculate the X-ray cavity power and its uncertainty and con-
firm that these estimates match the published values. The cavity
power estimates based only on X-ray observations and the rele-
vant intermediate data are summarized in Table 4. Similarly, the
cavity power estimates based on our hybrid X-ray–radio method
and the relevant intermediate data are summarized in Table 5.
The comparison between the hybrid X-ray–radio measurements
and the purely X-ray-based cavity power measurements is shown
in Fig. 5.

As a final consistency check, we plot our hybrid cavity power
estimates as a function of cluster redshift to confirm whether
there is any systematic e↵ect between our hybrid estimates and
the X-ray-based estimates found in the literature, as shown in
Fig. 6. As the two data sets trace the same redshift dependence,
it is clear that there is no systematic bias.

6. Discussion

Constraining the amount of mechanical feedback injected into
the ICM by the AGN has not only been considered to be a vital
step in understanding the formation and evolution of galaxy clus-
ters, but has also in and of itself been an observational challenge.
Although from a physical perspective there is a natural expecta-
tion for the radio lobes to paint the same picture as the X-ray cav-
ities, quantifying the amount of mechanical feedback has mainly
been performed using X-ray observations. Attempts to enable
radio observations to measure the quantity of mechanical feed-
back have produced significant correlations, but have never made
radio observations able to compete with their X-ray counterpart.
In this paper, we have described a hybrid method of measuring
the quantity of mechanical feedback based on a combination of
X-ray and radio observations, and have performed this method
on a sample of 14 galaxy clusters for the purpose of verifying
whether this new method can be considered to provide reliable
results at 144 MHz.

6.1. General performance

First of all, we have measured the volume of the radio lobes as
observed with LOFAR and compared this volume to the cav-
ity volume estimates derived from X-ray observations. From
a physical perspective, there is the expectation that these two
volumes should be exactly equal. Therefore, the two measure-
ments must agree within the uncertainties, but that is not always
true in our sample. This implies that either the uncertainties are
systematically underestimated, or that the simple model that all
radio lobes produce clear cavities is invalid. The truth is likely
somewhere in the middle. The assumption that the uncertain-
ties on the cavity volume and cavity power are solely deter-
mined by projection e↵ects was always known to be oversimpli-
fied, but better methods to quantify the uncertainty were lack-
ing. Likewise, the simple ‘balloon’ model in which the radio
lobes and ICM are perfectly mutually exclusive is also due a
critical review. In reality, additional structures like backflows
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