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TIMING OF MAJOR MILESTONES REMAIN UNCERTAIN

SF Peaks, BCG Assembles

Metal enrichment

Cool Core Formation

AGN FeedbackICM Established

z > 3

z ~ 3 z ~ 2

z ~ 2.5 z ~ 1.5

z ~ 1



OBSERVING GALAXY CLUSTERS W/ CHANDRA



OBSERVING GALAXY CLUSTERS W/ CHANDRA

Abell/Zwicky Catalogs

ROSAT/Einstein Surveys



OBSERVING GALAXY CLUSTERS W/ CHANDRA

Abell/Zwicky Catalogs

ROSAT/Einstein Surveys

Galaxies / Groups



OBSERVING GALAXY CLUSTERS W/ CHANDRA

Abell/Zwicky Catalogs

ROSAT/Einstein Surveys

Galaxies / Groups

AGN (3C, 4C, etc.)

Optical/IR Surveys



OBSERVING GALAXY CLUSTERS W/ CHANDRA

Abell/Zwicky Catalogs

ROSAT/Einstein Surveys

Galaxies / Groups

AGN (3C, 4C, etc.)

Optical/IR Surveys

XMM surveys



OBSERVING GALAXY CLUSTERS W/ CHANDRA

Abell/Zwicky Catalogs

ROSAT/Einstein Surveys

Galaxies / Groups

AGN (3C, 4C, etc.)

Optical/IR Surveys

XMM surveys

SZ Surveys



OBSERVING GALAXY CLUSTERS W/ CHANDRAOBSERVING GALAXY CLUSTERS W/ CHANDRA

Abell/Zwicky Catalogs

ROSAT/Einstein Surveys

Galaxies / Groups

AGN (3C, 4C, etc.)

Optical/IR Surveys

XMM surveys

SZ Surveys

South Pole 
Telescope



0.0 0.5 1.0 1.5
1

10

SPT-SZ 2500 deg2   
SPTpol 100d   
Planck-2015   

ACT  
ROSAT-All sky   

Redshift

M
50

0c
 [1

014
 M

O •
 h

70-1
 ]

SPT-CHANDRA: 10 YEARS OF FOLLOW-UP

From 2010-2019:
5.0 Ms GO (XVP + 5 LPs), 2.3 Ms GTO (ACIS+HRC)

>50% of all Chandra observations of clusters @ z > 0.5 were SPT-selected

z



0.0 0.5 1.0 1.5
1

10

SPT-SZ 2500 deg2   
SPTpol 100d   
Planck-2015   

ACT  
ROSAT-All sky   

Redshift

M
50

0c
 [1

014
 M

O •
 h

70-1
 ]

SPT-CHANDRA: 10 YEARS OF FOLLOW-UP

From 2010-2019:
5.0 Ms GO (XVP + 5 LPs), 2.3 Ms GTO (ACIS+HRC)

>50% of all Chandra observations of clusters @ z > 0.5 were SPT-selected

z



WHAT HAVE WE LEARNED SINCE 2010?

ICM Evolution

• Radio-mode AGN feedback ongoing and 
regulating cooling since z ~ 1 
(Hlavacek-Larrondo+15, Gupta+17,19, 
Calzadilla+19)

• Universal pressure profile evolves in core
(McD+14, Ghirardini+20)

• SZ selection is relataively unbiased (Lin+15)
• Cool cores haven’t evolved since z ~ 1

(Semler+12, McD+13,17)
• Cool cores may have started forming at  

z ~ 1.5 (McD+17)
• Self-similar evolution broken in cluster cores 

(McD+19, Ghirardini+20)
• Cooling flows can happen, but it’s rare

(McD+12,13,14,15,19)
• Metal content of ICM unchanged since z ~ 1 

(McD+16, Mantz+17)
• ICM morphology only weakly dependent on 

redshift (McD+17)

Galaxy Populations

• Baryon content is fixed since z > 1 
(Chiu+16,18)

• Environmental quenching already 
there at z~1.5 (Strazzullo+19) 

• The red sequence fades at z > 0.6 
(Hennig+17)

• Velocity segregation & dynamical 
friction (Bayliss+16a,b)

• BCGs were significantly more star-
forming at z ~ 1 (McD+16)

Cosmology / Scaling relations

• Cosmology constraints
(Benson+13, de Haan+16, Bocquet+19)

• CMB lensing (Baxter+15)
• Galaxy lensing

(High+12, Chiu+16, Schrabback+16)
• X-ray scaling relations (Saliwanchik+15, 

Saro+16,Benson+20)

~40 SPT publications (~2000 citations) utilizing data in ~10 years
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EVOLUTION OF ICM DENSITY PROFILES

• Consider redshift dependence 
of density at fixed radius

•

• Ask, how does redshift 
dependence vary with radius?
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DEVIATIONS FROM DENSITY SELF SIMILARITY

• At large radii,
ICM density
profile is well-
described by
gravitational
collapse

• At small radii,
no apparent
redshift 
evolution in
gas density

Dominant physics 
transitions from 
gravity (large radii) 
to feedback (small 
radii)

McDonald+17

No evolution

Self-Similar Expectation

ne (@ r/R500) � E(z)C

Central density “frozen in time”

Bulk of cluster evolves as expected



DEVIATIONS FROM SELF SIMILARITY

• Density profile 
evolves self-
similarly at large 
radius

• No measurable 
evolution within 
cool core

• Dominant 
physics 
transitions from 
gravity (large 
radii) to 
feedback (small 
radii) Ghirardini et al. 2019ish
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WHAT’S NEXT?

SPT-3G (~2022)

SPT3G (Benson+14)



THE PROGENITORS OF PERSEUS @ Z ~2

• At current ACIS contamination levels:
• M500 ~ 1014M⊙,  z ~ 2   à fX ~ 0.0004 cts/s (~100 counts in 250ks)
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COMBINING SZ + X-RAY

Developing analysis tools to extract more 
information from limited # of counts

• SZ information probes large-scale P
• Chandra information probes small-scale ne

• XMM-Newton probes intermediate scale ne, kT
à Joint analysis probes ne, kT on all scales

~2000 counts ~500 counts ~100 counts ~100 counts + SZ

See Poster by 
Florian Ruppin



SUMMARY

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

• Combined, SPT 
and Chandra 
have enabled 
evolutionary 
studies of massive 
galaxy clusters 
over 10 Gyr

• SZ surveys will 
continue to push 
cluster discovery 
to z > 2

• We are doing the 
best we can with 
current 
technology!





GROWTH OF COOL CORES?
• Subtract the expected profile from gravitational collapse (SS)
• Excess is the “cool core”

• No apparent change
in cool core shape,
size, density over
the past ~ 7 Gyr.

McD+17



GROWTH OF COOL CORES?
• Subtract the expected profile from gravitational collapse (SS)
• Excess is the “cool core”

• No apparent change
in cool core shape,
size, density over
the past ~ 7 Gyr.

•

• Some evidence that 
cool cores began to 
form at z > 1

McD+17

Evidence for long-
standing, 

gentle feedback
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Distribution of Chandra ACIS/HRC observing time spent on galaxy clusters

In first few years, there were already known clusters at z > 1

• Bulk were 3C/4C sources and optically-selected clusters

20 YEARS OF CHANDRA CLUSTER OBSERVATIONS


