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Abstract

We analyze the cooling and feedback properties of 48 galaxy clusters at redshifts 0.4 < z < 1.3 selected from the
South Pole Telescope (SPT) catalogs to evolve like the progenitors of massive and well-studied systems at z ~ 0.
We estimate the radio power at the brightest cluster galaxy (BCG) location of each cluster from an analysis of
Australia Telescope Compact Array data. Assuming that the scaling relation between the radio power and active
galactic nucleus (AGN) cavity power P.,, observed at low redshift does not evolve with redshift, we use these
measurements in order to estimate the expected AGN cavity power in the core of each system. We estimate the
X-ray luminosity within the cooling radius L, of each cluster from a joint analysis of the available Chandra X-ray
and SPT Sunyaev—Zel’dovich (SZ) data. This allows us to characterize the redshift evolution of the P..,/L.ool
ratio. When combined with low-redshift results, these constraints enable investigations of the properties of the
feedback—cooling cycle across 9 Gyr of cluster growth. We model the redshift evolution of this ratio measured for
cool-core clusters by a log-normal distribution Log-M(a + 3z, %) and constrain the slope of the mean evolution
to 0= —0.05 4 0.47. This analysis improves the constraints on the slope of this relation by a factor of two. We find
no evidence of redshift evolution of the feedback—cooling equilibrium in these clusters, which suggests that the
onset of radio-mode feedback took place at an early stage of cluster formation. High values of P, /Lo are found
at the BCG location of noncool-core clusters, which might suggest that the timescales of the AGN feedback cycle
and the cool core—noncool core transition are different. This work demonstrates that the joint analysis of radio, SZ,
and X-ray data solidifies the investigation of AGN feedback at high redshifts.

Unified Astronomy Thesaurus concepts: Galaxy clusters (584); Active galactic nuclei (16); X-ray astronomy
(1810); Sunyaev-Zeldovich effect (1654); Radio active galactic nuclei (2134)

1. Introduction (e.g., Fabian 1994; Fogarty et al. 2017; McDonald et al. 2018). A
proposed solution to this cooling-flow problem is that cooling is
(ICM) surrounding the brightest cluster galaxy (BCG) of galaxy balanced by nongravitational processes induced by .the super-
clusters revealed central cooling times significantly shorter than massive black hole at the center of the BCG that inject energy
the age of the universe (e.g., Fabian & Nulsen 1977; Edge et al. back into the ICM (e.g., Voit & Donahue 2005; Fabian &

Early investigations of the properties of the intracluster medium

1992; Sanderson et al. 2006). Neither massive reservoirs of cold Sanders 200_6; GaSPari et al. 201_2)' The eccretion rate of these
gas, nor the consequent high star formation rates, have however active galactic nuclei (AGN) at high redshifts is very close to the
been observed in the cores of the vast majority of these systems Eddington limit, which leads to radiative quasar-mode feedback

(e.g., Fabian 2012). On the other hand, most AGNs observed in

the core of nearby clusters present much lower accretion rates and

Original content from this work may be used under the terms induce mechanical radio-mode feedback in the form of powerful
BY of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title jets that carve cavities into the ICM (e.g., Randall et al. 2011).
of the work, journal citation and DOI. Unveiling the onset of radio-mode feedback at high redshift is
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Figure 1. Mass and redshift distribution of the 48 clusters considered in this work (circles). We subdivided the sample into cool-core (red) and noncool-core systems
(purple). We also show the clusters considered in Rafferty et al. (2006; squares), Hlavacek-Larrondo et al. (2012; triangles), and Hlavacek-Larrondo et al. (2015; stars)
with significant detections of X-ray cavities. They enabled the study of the feedback—cooling equilibrium at lower redshifts. The diagonal lines give the redshift
evolution of the mean mass growth obtained by Fakhouri et al. (2010) for clusters with total mass between 6.3 x 10'* M_, and 1.3 x 10" M, at z = 0. Clusters that do
not pass our progenitor selection cuts (diagonal lines) are shown with empty symbols. We indicate the 90% confidence level exclusion limit on the cluster abundance

given the considered cosmological model (black line).

essential to understand this transition in the accretion rate of
central AGNs and its impact on cluster formation.

To this end, several X-ray analyses have been conducted on
samples of giant elliptical galaxies and clusters in order to
detect and characterize cavities and study the equilibrium
between cooling and feedback (e.g., Rafferty et al. 2006;
Nulsen et al. 2009; Hlavacek-Larrondo et al. 2012,
2015, 2020). For example, Hlavacek-Larrondo et al. (2015)
studied 83 clusters at 0.4 < z < 1.2 selected from the the South
Pole Telescope (SPT) catalog (Bleem et al. 2015) with
available Chandra data in order to detect and characterize
X-ray cavities around the BCGs. These studies, however, only
enabled significant detections of cavities at redshifts z < 0.8
because of the strong redshift dimming of the X-ray surface
brightness. Out of the 83 clusters considered by Hlavacek-
Larrondo et al. (2015), only six presented convincing cavities
around the BCGs (see Figure 1). As detecting X-ray cavities
and characterizing the central cooling properties of clusters at
high redshift is extremely challenging with current or planned
near-term X-ray observatories, it is essential to propose new
methods in order to keep pushing the investigation of AGN
feedback to higher redshifts.

In this work, we present a joint analysis of radio, Sunyaev—
Zel’dovich (SZ), and X-ray observations realized with the
Australia Telescope Compact Array (ATCA), SPT, and
Chandra, respectively. We use the ATCA data in order to
estimate the AGN jet power at the BCG location of 48 SPT
clusters at 0.4 < z < 1.3 selected to evolve like the progenitors
of well-studied systems at z ~ 0. We further estimate the X-ray
luminosity within the cooling radius of these clusters from a
joint analysis of the Chandra and SPT data in order to
characterize the redshift evolution of the feedback—cooling
balance during cluster growth.

In Section 2 we summarize the cluster selection procedure
as well as the data used in this paper. In Section 3 we present
how we estimate the cavity power in the core of each cluster.
The measurement of the associated cooling luminosity is
described in Section 4 and the characterization of the redshift
evolution of the cooling—feedback balance is presented in
Section 5. In Section 6 we discuss the implications of this
study for AGN feedback at high redshift before summarizing
our work in Section 7. Throughout this paper, we consider
a flat ACDM cosmology with ,,=0.3, Q, =0.7, and Hy =
70kms~' Mpc .

2. Cluster Selection and Data Set

The cluster selection procedure is detailed in Ruppin et al.
(2021); we briefly summarize it here. We use the analytic
formula for the mean mass growth rate of haloes as a function
of redshift obtained by Fakhouri et al. (2010) in order to select
clusters from the SPT catalogs defined in Bleem et al. (2015)
and Huang et al. (2019). The selected clusters are the
progenitors of halos with a z=0 mass enclosed between
Mspo= 6.3 x 10" M_" and Mspo=1.3 x 10" M, at z=0.

Among all SPT clusters satisfying this condition, 73 have
been observed by Chandra as part of four dedicated projects.
The Chandra X-ray Visionary Project (XVP; PI: B. Benson)
described in McDonald et al. (2013) enabled obtaining ~1300
counts in the 0.7-2keV band for 49 clusters during Chandra
cycles 12 and 13. Three of these clusters have been further
observed with Chandra thanks to another large program (PI: J.
Hlavacek-Larrondo). A third large program (PI: M. McDonald)
targeted 18 clusters at z>0.7 and allowed us to obtain an

19 Ms is defined as the mass enclosed within a sphere with a mean mass
density equal to 500 times the critical density of the universe at the cluster
redshift.
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average of 180 counts per cluster (Ruppin et al. 2021). The
latest program (PI: F. Ruppin), targeting seven clusters at
7> 0.9 is currently ongoing but the observations of six of these
clusters are completed.

In this paper, we aim to study the evolution of the cooling
and feedback balance in the cores of clusters lying along a
common evolutionary track. To this end, we further consider
radio observations realized with ATCA for a subsample of
these clusters during three separate observing runs. A single
map of the whole 100deg” SPTpol footprint (Huang et al.
2019) was realized in 2013 May in the 6A configuration at
2GHz with an rms noise varying between 60 and
120 /Jy beam ™" across the map (O’Brien et al. 2016). Targeted
observations of XVP clusters were made in 2015 January at
2GHz with an rms noise varying between 28 and
55 uJy beam™'. Some of these clusters were further followed
up at 5 and 9 GHz in 2016 August if a strong detection was
made at 2 GHz. We reach an rms noise varying between 30 and
67 uJy beam™ "' at 5 GHz and between 19 and 77 ;Jy beam ™" at
9 GHz. All observations have been reduced using the 2015
February 21 release of the MIRIAD software (Sault et al.
1995).

Among the 73 SPT clusters satisfying our progenitor
selection, 48 have available ATCA data. If a significant radio
source is observed in the ATCA data of a given cluster, we
make sure that it is located within 5” of the BCG to exclude
potential foreground or background contamination. We esti-
mate the BCG location in these clusters from a visual
inspection of available optical and IR imaging from Bleem
et al. (2015) and Huang et al. (2019) based on galaxy size and
brightness. We use the X-ray peak position as extra information
to solve cases in which multiple BCGs could be identified in
the same cluster. The mass—redshift distribution of this sample
of 48 clusters is shown in Figure 1 (circles) along with samples
from previous studies. This sample allows us to study the
cooling—feedback equilibrium in a redshift range that was
previously unexplored (0.7 < z < 1.3) while overlapping with
samples that have been characterized by Rafferty et al. (2006)
and Hlavacek-Larrondo et al. (2012, 2015). This enables
validation of our methodology that does not rely on X-ray
cavity detection in contrast to these previous surveys. We only
consider cool-core clusters (red points in Figure 1) in the
following in order to match the cluster properties of these low-
redshift samples as much as possible. The cool core—noncool
core discrimination is performed by a joint analysis of the
Chandra and SPT observations of the selected clusters
following the procedure described in Ruppin et al. (2021; see
Section 4). We will discuss the results obtained for the
noncool-core clusters (purple points) in Section 6.3.

3. Estimation of Cavity Power

As detecting X-ray cavities at high redshift with current
facilities is extremely challenging, we propose to rely on the
scaling relation between AGN jet power and radio power at
1.4 GHz calibrated by Cavagnolo et al. (2010). Instead of
measuring the properties of X-ray cavities to estimate the
power of the AGN jets that carved them, we assume that the
Cavagnolo et al. (2010) scaling relation does not evolve with
redshift and we measure the AGN radio power from the ATCA
observations of each cluster considered in this work to infer the
corresponding jet power. We stress that the Cavagnolo et al.
(2010) scaling relation considers the total radio power

Ruppin et al.

measured at 1.4 GHz without discriminating between synchro-
tron emission from the minihalo and the AGN lobes. We can
therefore use the total radio power estimated with ATCA at
1.4 GHz in order to infer the associated jet power.

We note that the data used in Cavagnolo et al. (2010) to
calibrate the scaling relation between AGN jet power and radio
power at 1.4GHz are highly scattered around the mean
relation. For example, P., varies between 10 and
10*ergs™' for 1.4GHz radio powers measured between
10* and 10*' ergs™'. We take the intrinsic scatter of this
relation into account in our estimates of the cavity power
uncertainties to obtain a reliable estimate of the mean redshift
evolution of the Py /Lo ratio in the following. Furthermore,
several studies have shown that the radio power measured at
the center of local cool-core clusters can vary significantly over
decades (e.g., Rose et al. 2022). Such variability partly explains
the intrinsic scatter of the Cavagnolo et al. (2010) scaling
relation and is therefore included in the uncertainties of the P,
estimates in the following.

We model the ATCA radio data using a sum of 2D Gaussian
functions with a position angle and minor and major axes
lengths fixed to the ones of the point-spread function model in
each frequency band. If an AGN is detected within <5” of the
BCG location in the considered ATCA map, we perform a
Markov Chain Monte Carlo analysis in order to estimate the
best-fit values of the amplitude and sky position of each
Gaussian function considered in our model. We iterate this
analysis with an increasing number of Gaussian functions until
the best-fit x> value does not decrease significantly given the
rms noise in the data. The AGN flux density is obtained by
integrating the signal in the best-fit model and the corresp-
onding uncertainty is estimated by sampling the posterior
distribution of all model parameters. If the AGN detection is
not associated with the BCG or no radio AGN is detected in the
cluster region, we estimate an upper limit on the AGN flux
density based on the ATCA rms noise measured in a region
empty of a radio signal within a 5’ radius from the BCG
location.

We show the results obtained with the ATCA data of SPT-
CLJ0307-6225 in Figure 2. We use it as a representative
example of a cluster with a significant AGN detection. The
signal in most maps at 2 GHz is well modeled with a single 2D
Gaussian function as shown in the left column of the left panel.
Indeed, the ATCA angular resolution at this frequency is often
too small to resolve the AGN signal. Our model is flexible
enough to subtract all the significant signal observed in the data
as shown in the residuals shown in the bottom row.

Among the 48 clusters considered in this work, 11 have been
observed at 2, 5, and 9 GHz with ATCA. We use the flux
densities estimated in each band in order to fit the spectral
energy distribution (SED) of the AGN at the core of these
systems. The SED is modeled as a power law with a free
amplitude at 1 GHz and a spectral index. The choice for this
model is motivated by previous studies of AGN radio emission
in clusters such as Kokotanekov et al. (2017) who find a very
good agreement between this model and the data obtained in
the [0.1-10] GHz range. We show the best-fit SED model of
the AGN detected in SPT-CLJ0307-6225 in the right panel of
Figure 2 along with its associated lo and 20 confidence
regions. The mean spectral index measured for this sample of
11 clusters is a=1.124£0.06. We have checked that this
subsample of clusters is not biased toward particular core
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Figure 2. Left: from top to bottom are shown the ATCA data, map model, and residual of the radio AGN detected at the center of the SPT-CLJ0307-6225 cluster at 2,
5, and 9 GHz, from left to right, respectively. Right: the flux densities associated with the models shown in the left panel (blue points) along with the best-fit SED
model (green line) and its associated 1o and 20 confidence regions (green areas).

properties. Among these 11 clusters, five are classified as cool
cores in Ruppin et al. (2021) and six as noncool cores.
Therefore, we use the mean spectral index estimated with this
sample to model the SED of all other 37 clusters with only one
ATCA measurement at 2 GHz. Knowing the redshift of every
cluster in our sample, we use these SED models to estimate the
rest-frame flux density at 1.4 GHz, S| 4 gu,. The radio power at
this frequency is then given by:

Piach, = 47D} (1 4 2)*'S146m, X (1.4 GHz), (1)

where D; is the cluster luminosity distance. The uncertainty on
the radio power is obtained by sampling the error bars on
S'1.4 Gz Which take into account both the measurement error in
the ATCA bands and the uncertainty on the spectral index, as
well as the error on the redshift that accounts for ~5% of the
total error budget through the D7 factor. The associated AGN
cavity power P, is further deduced from the Cavagnolo et al.
(2010) scaling relation:

10g Pay = 0.75(£0.14)log P4 u, + 1.91(£0.18),  (2)

with an intrinsic scatter ¢=0.78 dex and a correlation
coefficient between the slope and intercept of 0.72. We
estimate the uncertainty on the cavity power by sampling the
error bars on P 4 gu,, the covariance matrix associated with the
slope, and the intercept of the Cavagnolo et al. (2010) scaling
relation as well as its intrinsic scatter. Our results are
summarized in Tables 1 and 2.

4. X-Ray Luminosity within the Cooling Radius

The X-ray data reduction is made using the Chandra
Interactive Analysis of Observations (CIAO) software v4.13
along with the calibration database (CALDB) v4.9.5.%° After
reprocessing the level 1 event files and removing flares from
the light curves (Markevitch 2001), we identify point sources

20 https:/ /cxc.cfa harvard.edu /ciao/
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10!

—— Model: 15.51(v/1 GHz) 11!
9 ATCA data

10
Frequency [GHz|

with wavelet filters (Vikhlinin et al. 1998) and mask them to
produce a cleaned event file. We further extract the X-ray
surface brightness profile of each cluster in the 0.7-2.0keV
band using the same binning definition considered in
McDonald et al. (2017) and Ruppin et al. (2021). The center
that we consider to extract the X-ray surface brightness profile
is the BCG location found with the available optical-IR data.
The surface brightness profiles are vignetting corrected using
the exposure map estimated in the same energy band.

The analysis procedure used to estimate the ICM thermo-
dynamic profiles of each cluster depends on the quality of the
Chandra observations. The 36 clusters observed in the context
of the XVP program can be fully processed with an X-ray only
analysis as we have enough X-ray counts to constrain the ICM
temperature from an analysis of their X-ray spectra. For these
clusters, we extract spectra at different angular distances from
the deprojection center requiring at least 500 counts in the
0.7-7.0keV band. We subtract the particle background using
stowed background files scaled to the number of counts
observed in the 9—12 keV band. We repeat the same procedure
in regions of the ACIS-I chips free from cluster emission in
order to estimate the astrophysical background spectrum. We
jointly fit the cluster and background spectra using a single-
temperature plasma (APEC; Smith et al. 2001) model combined
with a soft X-ray Galactic background (APEC, kgTx=
0.18keV, Z=Z., z=0), a hard X-ray cosmic spectrum using
BREMSS (kgTx =40keV), and a Galactic absorption model
(PHABS). The Galactic column density is fixed to the value
given by Kalberla et al. (2005). We fix the cluster redshift to
the SPT catalog value and the ICM metallicity to Z=0.3 Z,
(Mantz et al. 2020). The resulting X-ray temperature measure-
ment allows us to estimate the ICM emission measure profile.
We apply the procedure detailed in Ruppin et al. (2021) in
order to estimate the ICM density profile from a Bayesian
forward fit of the emission measure profile based on a
Vikhlinin parametric model (VPM; Vikhlinin et al. 2006).

The 12 high-redshift clusters in our sample presenting only
an average of 180 counts due to ICM emission over the entire
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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 20 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 1o and 20 confidence regions shows the best-fit redshift evolution of the P,y /Lcoo 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.

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 n,o > 1.5 x 102 cm 2.
We finally estimate the isochoric cooling time profile:

i(”e + I’lp) kg,

, 3)
2 nen, NI, Z)

feool () =

where n, =n,/1.199 is the ICM proton density assuming the
ionization fraction of a fully ionized plasma with an abundance
of 0.3Z. (Anders & Grevesse 1989). The ICM temperature
profile kgT, 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 (n,) and
pressure (P,) profiles: kgT,=P,/n.. We use the cooling
function estimated by Sutherland & Dopita (1993) for an
optically thin plasma with a 0.3 Z, metallicity to compute
NT,, 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
(8.7Gyr) is only 1Gyr, 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 P,
(Section 3) and X-ray luminosity inside the cooling radius Lo
(Section 4) to study the redshift evolution of the Pcyy/Leoor Tatio
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
Peav/Leoot < 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
Peav/Leool 2 63, in agreement with our estimate. The case of
SPT-CLJ2245-6206 at z=0.58 with Puy/Leoor =91 will be
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Table 1
Sample Properties of the 27 Selected Cool-core Clusters
1) 2 3 “ ) (©6) @)
Name z [R. A., Decl. ] Teool Lx(r < reoor) P4 GHe Py
(deg, deg) (kpc) 10" ergs™") 10 ergs™") 10" ergs™")
SPT-CLJ0509-5342 0.46 [77.339, —53.703] 112.0759 241+0.1 1.83 +£0.11 1379
SPT-CLJ0334-4659 0.49 [53.546, —46.996] 142,049 47 +0.08 8.07 4+ 0.71 3.9539
SPT-CLJ0346-5439 0.53 [56.731, —54.649] 125.0745 2.2 40.09 21.0+£1.22 8.0°1%3
SPT-CLJ2245-6206 0.58 [341.259, —62.128] 56.0130 0.31 £ 0.04 114.51 £ 3.57 28.55%]
SPT-CLJ2331-5051 0.58 [352.962, —50.865] 139.019 5.82 +0.02 14.04 + 1.41 5952
SPT-CLJ2232-5959 0.59 [338.141, —59.998] 137.089 478 + 0.09 <0.33 <0.4
SPT-CLJ0033-6326 0.6 [8.471, —63.445] 94.0+49 2.01 +0.02 <0.67 <0.6
SPT-CLJ0243-5930 0.64 [40.863, —59.517] 118.0739 3.41+0.17 <0.33 <0.4
SPT-CLIJ2222-4834 0.65 [335.711, —48.576] 124.01590 3.44 +0.18 1.39 + 0.09 1.0%97
SPT-CLJ0352-5647 0.67 [58.24, —56.797] 114.0789 1.98 +0.15 <0.38 <0.4
SPT-CLJ0102-4603 0.72 [15.678, —46.071] 84.01%9 0.55 + 0.09 <0.44 <0.4
SPT-CLJ2329-5831 0.72 [352.475, —58.53] 128.0129 2224032 <123 <0.9
SPT-CLJ2043-5035 0.72 [310.823, —50.592] 169.0739 12.02 £ 0.01 8.8 +0.44 42193
SPT-CLJ2301-4023 0.73 [345.471, —40.385] 118.0739 3.42 4+ 0.04 <0.5 <0.5
SPT-CLIJ2352-4657 0.73 [358.068, —46.96] 1050399 1.12+0.3 <0.46 <0.5
SPT-CLJ0406-4805 0.74 [61.73, —48.082] 123.0139 2.07 +0.21 <0.73 <0.6
SPT-CLJ2320-5233 0.76 [350.121, —52.563] 67.07129 0.45 +0.14 <172 <1.2
SPT-CLJ0528-5300 0.77 [82.022, —52.998] 9404839 0.78 + 0.09 137.16 + 8.6 32.6114%°
SPT-CLJ2359-5010 0.77 [359.928, —50.167] 82.0330 0.6+ 0.2 <1.84 <13
SPT-CLJ0058-6145 0.83 [14.588, —61.767] 110.0739% 1.6 £0.12 20.8 +1.25 79515
SPT-CLJ2357-5421 0.92 [359.264, —54.364] 221.07349 323+ 1.10 <335 <2.0
SPT-CLJ2355-5850 0.97 [358.9575, —58.850] 129.01329 1.84 £ 0.51 <2.57 <1.6
SPT-CLJ2335-5434 1.03 [353.882, —54.587] 104.0139 2.91 +0.29 <3.08 <1.9
SPT-CLJ2334-5308 12 [353.516, —53.141] 126.01179 4.14 £0.73 1291 +1.23 55173
SPT-CLJ2336-5252 1.22 [354.081, —52.873] 130.01289 3.18 £0.96 <8.77 <4.1
SPT-CLIJ2323-5752 1.3 [350.882, —57.881] 195.0°459 454 +27 7.07 +£0.75 3.5
SPT-CLJ2355-5514 132 [358.874, —55.246] 100.07399 1.84 + 1.03 14.09 + 131 59151

Note. Columns: (1) name; (2) redshift; (3) equatorial coordinates of the radio source if we find a significant radio signal in the ATCA Data. If no radio source is
detected, we use the location of the X-ray peak found in the Chandra data; (4) radius at which the cooling time is estimated to be 7.7 Gyr; (5) X-ray luminosity
measured within the cooling radius; (6) radio power estimated at 1.4 GHz; and (7) expected cavity power given the measured radio power and the scaling relation from

Cavagnolo et al. (2010).

discussed in Section 6.2 along with the results obtained for
noncool-core clusters (purple points) in Section 6.3.

We use the Bayesian linear regression package LinMix
(Kelly 2007) in order to fit the redshift evolution of the
P.av/Leoor 1atio, taking upper limits into account. We model the
redshift evolution of 10g[Pay/Leoot] as M + Bz, %), where
« and 3 are, respectively, the intercept and slope of the power
law defining the mean of the Gaussian distribution A~ with
intrinsic scatter o. The clusters from Rafferty et al. (2006) and
Hlavacek-Larrondo et al. (2012) that satisfy our progenitor
selection (filled symbols in Figure 3) and our constraints on
cool-core clusters are jointly fit to obtain the dark line in
Figure 3. The results of the fits are given in Table 3 with and
without including our constraints in the analysis. The dark and
light orange regions show, respectively, the lo and 20
confidence intervals associated with the mean of the distribu-
tion. The blue shaded region corresponds to the 2¢ confidence
interval associated with the regression realized by considering
the Rafferty et al. (2006) and Hlavacek-Larrondo et al. (2012)
data points only (filled squares and triangles, respectively, in
Figure 3). We note that among the six clusters with convincing
cavity detections in Hlavacek-Larrondo et al. (2015), only four
satisfy our progenitor selection cuts and they are all located at

the high-mass end (see Figure 1). Less-massive SPT clusters
studied by Hlavacek-Larrondo et al. (2015) in the same redshift
range (i.e., 0.4 < z < 0.6) might have shown convincing X-ray
cavities with longer exposures. We therefore chose to exclude
these four data points from the fit of the redshift evolution of
P av/Leoor in order to minimize selection effects.

We find that including our results reduces the uncertainty on
the slope § by a factor of 2.3, from 5=0.90+1.09 to
= —0.05+0.47. The high-redshift anchor brought by our
study enables reaching a regime where the uncertainty on [ is
limited by the intrinsic scatter of the distribution. The measured
slope is compatible with an absence of redshift evolution of the
feedback to cooling ratio up to z ~ 1.5.

6. Discussion and Implications for AGN Feedback
6.1. Onset of Radio-mode Feedback

First, we note that the distribution of cool-core clusters in the
P..v—Lcoor plane shown in Figure 4 agrees with the previous
samples at lower redshift. This suggests that the Py 4 gr—Pecav
scaling relation calibrated by Cavagnolo et al. (2010) does not
significantly evolve with redshift.
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Table 2

Same as Table 1 for the 21 Selected Noncool-core Clusters
M () ®) @ ® Q) (N
Name z [R. A., Decl. | Teool Lx(r < reoo) P4 cn, Py

(deg, deg) (kpc) (10" ergs™) (10%ergs™") 10" ergs™")
SPT-CLJ0217-5245 0.34 [34.312, —52.76] 49.0739 0.11 +0.01 <0.1 <0.2
SPT-CLJ0655-5234 0.47 [103.972, —52.57] 39.0439 0.12 £ 0.01 <0.16 <0.2
SPT-CLJ0200-4852 0.5 [30.142, —48.871] 111.0789 1.5+0.11 <0.27 <0.3
SPT-CLI2306-6505 0.53 [346.723, —65.088] 31.0139 0.04 +0.02 <0.39 <0.4
SPT-CLJ2335-4544 0.55 [353.784, —45.741] 46.077%° 0.46 + 0.03 <0.23 <0.3
SPT-CLJ0307-5042 0.55 [46.961, —50.701] 66.0750 0.71 + 0.05 <0.25 <0.3
SPT-CLJ0456-5116 0.56 [74.118, —51.278] 5505130 0.39 £ 0.03 36.63 4 1.92 12,1728
SPT-CLJ2148-6116 0.57 [327.179, —61.28] 60.0149 0.42 £ 0.03 9.28 +0.52 43139
SPT-CLJ0256-5617 0.58 [44.106, —56.298] 53.04119 0.39 +0.12 4.48 +0.29 2.5435
SPT-CLJ0307-6225 0.58 [46.82, —62.447] 55.0789 0.42 £ 0.03 20.19 + 1.08 77533
SPT-CLJ0123-4821 0.62 [20.8, —48.357] 49.0%80 0.24 +0.02 <0.29 <0.3
SPT-CLJ0542-4100 0.64 [85.708, —41.0] 68.0140 0.74 + 0.06 58.57 +£2.36 17.254%8
SPT-CLJ2218-4519 0.65 [334.749, —45.316] 57.0713% 0.39 £ 0.03 4021 +2.17 13.0723%°
SPT-CLJ0310-4647 0.71 [47.634, —46.785] 102.0739° 22402 <0.74 <0.7
SPT-CLJ0324-6236 0.73 [51.051, —62.599] 116.07%9 2.73+0.12 <0.48 <0.5
SPT-CLJ2328-5533 0.77 [352.181, —55.567] 162.0°39 3.85 +0.29 <2.56 <1.6
SPT-CLIJ2343-5024 0.88 [355.837, —50.4] 138.07%9 1.62 +0.12 19.35 + 1.67 7.551%
SPT-CLJ0533-5005 0.88 [83.403, —50.1] 5207859 0.16 £ 0.01 27.38 +2.44 9.7731
SPT-CLJ2304-5718 0.9 [346.107, —57.306] 27.01189 0.14 £ 0.01 <3.06 <1.9
SPT-CLIJ2311-5820 0.93 [347.991, —58.343] 185.07829 2.6240.2 2622 +2.71 9.47}68
SPT-CLJ2325-5116 0.94 [351.384, —51.285] 63.073¢9 0.4 4 0.03 <226 <15

Note. These clusters are only considered in Section 6.3.

Table 3
Best-fit Values and Associated Uncertainties for the Three Parameters Defining the Power-law Model Fitted to the P,y /Lcoo Ratios Estimated in Cool-core Clusters
That Satisfy Our Selection Criteria

Data « 1) a*
Rafferty et al. (2006) + Hlavacek-Larrondo et al. (2012) —0.60 £ 0.36 0.90 £+ 1.09 0.61 +0.24
Rafferty et al. (2006) + Hlavacek-Larrondo et al. (2012) 4 This work —0.39 £ 0.26 —0.05 £ 0.47 0.74 +0.24

Note. Results are shown with (bottom row) and without (top row) adding our constraints to the ones obtained in previous studies.

Radio-loud AGNs have been shown to have marginal impact
on SZ cluster detection with SPT (Bleem et al. 2020).

The results presented in Section 5 show that the equilibrium
between the power generated by AGN mechanical feedback

and the cooling of the hot X-ray emitting phase surrounding the
BCG has remained stable in the past 9 Gyr of cluster growth.
As shown in Figure 4, all cool-core clusters with a significant
AGN detection in the BCG present powerful radio-mode
feedback (P, > 10* erg s_l). This suggests that the onset of
radio-mode feedback took place at an early stage (z 2 1.5) of
cluster formation.

Moreover, Figure 3 shows that AGN mechanical feedback is
a dominant heating source balancing cooling in cluster cores as
Peav/Leoot ~ 0.4 at all redshifts. The fact that this ratio is not
compatible with 1 at all redshifts does not imply that other
significant feedback mechanisms are required to avoid runaway
cooling in cluster cores. A sample average Pc,y/Leoor < 1 may
indeed imply that the AGN duty cycle is lower than 50% and
that the feeding timescale is longer than the feedback one. The
hint for a slight negative slope in Figure 3 is most probably due
to the fact that we include upper limits in the analysis of the
redshift evolution of P, /Lo While nondetections were not
included in previous works.

Assuming the ratio between the number of clusters hosting a
radio-loud AGN above a given luminosity threshold and the
total number of clusters in our SPT sample is representative of
the AGN duty cycle of energy injection Dagn, we find that
Daon(z <0.72) =0.5£0.1 and Dpgn(z>0.72)=0.4 0.1,
where we take into account the binomial uncertainties. This
suggests that AGN duty cycles do not evolve significantly with
redshift up to z ~ 1.5. While unusually high cooling flows and
star formation rates can be observed in individual systems at
high redshift (e.g., the Phoenix cluster; McDonald et al. 2019),
this work supports a scenario in which radio-mode feedback is
able to suppress most of the ICM cooling since the transition
between protoclusters and clusters (Muldrew et al. 2015).

6.2. The Case of SPT-CLJ2245-6206

We discuss the results obtained in the particular case of SPT-
CLJ2245-6206 at z=0.58. This cluster is characterized by
Peav/Leoot 2 91, i.e., the highest feedback response to cooling
observed in our sample. This cluster displays the second
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Figure 4. Left: comparison between the AGN cavity power (P,y) and the X-ray luminosity within the cooling radius at 7.7 Gyr (L) of the 48 clusters considered in
this work along with the results from previous studies. We split our sample between cool-core (red) and noncool-core systems (purple). We highlight SPT-CLJ2245-
6206 with a black background hexagon. Right: Magellan/Megacam r band (top), Chandra X-ray (middle), and ATCA radio (bottom) images of the noncool-core
cluster SPT-CLJ0542-4100, chosen to be a representative example of this type of clusters in our sample. Each map width is about 2/5. The location of the BCG is

highlighted with a magenta circle.
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Figure 5. Chandra X-ray (left), ATCA radio (middle), and Hubble Space Telescope/ WFC3 F200LP (right), images of the cool-core cluster SPT-CLJ2245-6206. Each

map width is 4’. The location of the BCG is highlighted with a magenta circle.

highest value of P.,, in Figure 4 and its cooling luminosity is
an order of magnitude lower than the one observed for most
cool-core objects in this sample. The particularity of this cluster
is that it displays a clear bimodal morphology (see Figure 5).
The main halo (south) hosting a radio-loud AGN in the BCG
(magenta circle) presents a rather spherical morphology and is
merging with a second subhalo (north). Although the central
density of the main halo is high enough to categorize it as cool
core, it presents hints of disturbance that may have been caused
by the passage of a shock front induced by the ongoing merger
event. This would explain the lower cooling luminosity
measured at the core of this cluster. This system may be
considered as a transition state between the cool-core and
noncool-core subsamples studied in this paper.

6.3. Feedback in Noncool-core Clusters

We investigate how the results presented in this work change
if we include clusters categorized as noncool cores in the
analysis. We stress that the radio power estimates given in
Table 2 are associated with AGN detections at the location of
the BCG. If no radio AGN is detected in the cluster field or if it
is located at >5" from the location of the BCG we provide an
upper limit on the radio power.

As shown in Figure 3, we find that the P.,y/Lcoo Tatios
estimated in noncool-core clusters are on average higher than
the ones found in cool-core clusters. However, adding the
noncool-core clusters to the fit presented in Section 5 does not
change the constraints on the slope significantly but rather
increases the intrinsic scatter of the relation by 18%. As shown
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in Figure 4, the distributions of P,,, estimates in cool cores and
noncool cores are very similar. The high P_,, /Lo ratios found
for noncool cores are thus driven by the lower cooling
luminosities measured on average in these clusters. We show a
Magellan/Megacam r band image of the SPT-CLJ0542-4100
cluster along with its Chandra and ATCA maps in the right
panel of Figure 4 as a representative example of a noncool-core
cluster with a strong radio AGN detection at the location of the
BCG. We propose the following interpretation to explain these
observations.

As all noncool-core clusters with a significant radio AGN
detection in this sample display a disturbed morphology, recent
merging events are probably the cause of the core disturbance.
The transition between cool core and noncool core has been
shown to occur on very short timescales compared to the
central cooling time in noncool-core clusters (Rossetti et al.
2011). If the AGN feedback timescale is much longer than the
transition between cool core and noncool core, observing a
BCG at the center of a noncool-core cluster with strong radio
emission can be quite likely. We may therefore be observing
the few noncool-core clusters displaying a high P,y /Lo Iatio
in a state during which the radio emission is still ongoing but
the AGN feeding has been reduced by stirring and mixing
turbulence that perturbs the dense cool core. The radio power
that we measure would then be comparable with that found in
cool-core objects, but the X-ray luminosity measured in the
cooling radius would be much lower. In this scenario, we
expect the radio power to decrease once the feedback response
from previous feeding ends. At this point, a dense core would
form again at the BCG location after a local cooling time and
the gas cooling time would drop below the threshold that
enables condensation to occur (Gaspari et al. 2020). This
scenario is also supported by the properties of SPT-CLJ2245-
6206 discussed in Section 6.2. We note however that the
interpretation of the Pc,y/Lcoo Tatio estimated for single
clusters is highly affected by the intrinsic scatter in the
Cavagnolo et al. (2010) scaling relation. The high Pc.y/Leool
values obtained for some noncool-core clusters could be
explained by large variations from the mean relation that links
Piscu, t0 P.y. In particular, beaming or radio AGN
variability could induce high measured values of P; 4 gy, that
would in turn translate into high estimated values of P.,, even
in systems with a low cooling luminosity. Deeper X-ray data
combined with dedicated simulations would thus be necessary
to understand these results better.

7. Summary

We report the first characterization of the feedback—cooling
equilibrium in the core of progenitor-selected clusters at
0.4 <z < 1.4. Unlike previous studies focusing on the detection
of X-ray cavities to estimate the AGN feedback response to gas
cooling, we use dedicated ATCA radio observations in the [2-9]
GHz band in order to estimate the radio power at 1.4 GHz. This
allows us to estimate the AGN cavity power P, from the use of a
previously calibrated scaling relation between AGN radio and
cavity powers whose evolution is assumed to be negligible with
redshift. The joint analysis of Chandra X-ray and SPT SZ
observations of the high-redshift clusters in our sample enables
both the estimation of their X-ray luminosity within the cooling
radius, L., and its comparison with the estimated AGN cavity
power. We find that the P, /Lo ratios estimated in these
clusters are compatible with the ones found at low redshift. We
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jointly fit our P, /Leoo estimates with the ones obtained in
previous studies in order to constrain the redshift evolution of the
feedback—cooling equilibrium. We find that this work reduces the
uncertainty on the slope of this relation by a factor of 2.3. The
latter is compatible with O, which suggests that radio-mode
feedback has balanced gas cooling in the BCG for more than
9 Gyr. This work highlights the importance of joint multi-
wavelength analyses to push the investigation of AGN feedback
toward higher redshift before next-generation X-ray observatories
such as Athena (Barret et al. 2020) come into play.
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