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The CMB-S4 deep and wide field 
surveys will provide a powerful census 
of the total matter in the Universe (CMB 
lensing) as well as the spatial 
distribution (kSZ) and thermal energy 
(tSZ) of its ionized gas.  

Additional measurements of dusty and 
synchrotron  sources (see Mel 
Archipley’s talk tomorrow) will further 
elucidate the formation and evolution of 
structures in the Universe. 

TNG Collaboration
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Fundamental Data Products
•tSZ cluster catalogs 
•Lensing Maps 
•tSZ/kSZ component separated maps 
•Emissive source catalogs   
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Fundamental Data Products
•tSZ cluster catalogs 
•Lensing Maps (Simone’s talk) 
•tSZ/kSZ component separated maps (Simone’s talk) 
•Emissive source catalogs  (Mel’s talk) 
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Fundamental Data Products

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Redshift z

100

101

102

103

104

105

N
(∏

z)

ACT

Planck

SPT

Cumulative cluster counts

S4-Wide: fsky = 50%
S4-Ultra deep: fsky = 3%

0.0 0.5 1.0 1.5 2.0 2.5 3.0
REDSHIFT z

100

101

M
50

0c
[1

014
M

Ø
]

Cluster limiting mass vs redshift

S4-Ultra deep
S4-Wide
eRosita
ACT
Planck
SPT

CMB-S4 will discover an order of magnitude more of 
the highest-redshift (z > 1.5) clusters than previous surveys. 

S. Raghunathan



• The 100d SPT deep field 
combines data from 5 
years of SPT-3G with the 
SPTpol 100d+ 500d 
surveys (10 years of 
CMB observations in 
total!) 

• First cluster catalog to 
be constructed from data 
at CMB-S4 noise levels. 
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The First SPT-3G Cluster Catalog: 100d Deep Field
K. Kornoelje

Preliminary
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A (very incomplete) view of the astronomical landscape

CMB-S4 Collaboration Meeting, May 9-13, 2022 7
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6.1 Cluster Astrophysics 
6.1.1 Proto-clusters to clusters 

• Comparison of tSZ and lensing to infer degree of virialization  
6.1.2 High-z cluster sample 

• Feedback / ICM enrichment / star formation 
• Systematic biases: radio/dust contamination of the SZ signal 

6.1.3 Measurements of ICM pressure profiles 
• Detailed studies of low-z systems 
• Resolving shocks / cold fronts resolved in nearby systems 
• Measurements of Splash back / outer accretion shock 
• Non-thermal pressure profiles 
• SZ fluctuations 
• Probe of mass accretion rate/history 

6.1.4 Cluster Scaling relations 
6.1.5 Relativistic SZ distortions  
6.1.6 Rotational kSZ 

6.2 Galaxy/Field astrophysics 
6.2.1 CGM studies for massive galaxies 
6.2.2 Stacking studies for underdense regions and filaments 
6.2.3 Cluster outskirts/WHIM 

6.3 Tracing the mass-gas connections 
6.3.1 y-map x lensing/galaxies for gas studies 
6.3.2 Impact of baryons on lensing 

6.4 Connections to High-resolution SZ follow-up experiments 
6.5 Synergies with other wavelengths (X-ray, optical, radio) 
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A rich and diverse science case
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Figure 9. Importance of CMB-cluster lensing mass calibration for cluster counts. Green curves are the same as left panel while
the pink dashed curves are constraints obtained without CMB-cluster lensing information. Ignoring lensing mass calibration
degrades the constraints significantly for all parameters. Ellipses are 68% CL regions and only S4-Wide is shown.

and without (pink dashed) CMB-cluster lensing infor-
mation in Fig. 9. When CMB-cluster lensing in ex-
cluded, we simply bin clusters in tSZ S/N q and redshift
z: N(z, q). Since both cosmological and Y

SZ
� M scaling

relation parameters affect the cluster redshift and tSZ
S/N distributions, they can be constrained even in the
absence of lensing masses albeit rather weakly (accord
Louis & Alonso 2017). For example, errors on cosmolog-
ical parameters �(

P
m⌫) = 60 meV and �(w0) = 0.03

both degrade by more than ⇥2 for pink without lensing
compared to green curves with lensing mass calibration.
Errors on virialization model parameters also degrade
similarly by ⇥3 or more without lensing mass informa-
tion.
3.4.5. Impact of high redshift clusters and redshift binning

The constraints presented above have been derived by
binning clusters at z � 1.5 in one massive high redshift
bin. This is a conservative approach to take into account
the difficulty of obtaining redshifts for distant clusters.
We modify this choice using: case (i) an optimal setting
with �z = 0.1 for all clusters; case (ii) a less conservative
setting with �z = 0.1 for 0.1  z < 2 and �z = 1 for
2  z  3; and case (iii) a pessimistic setting by ignoring
clusters at z > 1.5.

Case (i): We note ⇥3.8 better constraint on �(⌘v) =
0.0076 compared to the baseline case �(⌘v) = 0.0228 (see
green curve in Fig. 7). Constraints on other virialization
model parameters b

HSE
, Av, Bv also improve by 20-30%.

Similar improvements are seen for h, w0 but this opti-

Raghunathan et al.  
Astrophysical Journal, Volume 926, Issue 2, id.172

https://ui.adsabs.harvard.edu/search/q=author:%22Raghunathan%2C+Srinivasan%22&sort=date%20desc,%20bibcode%20desc
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Figure 2. The average SZ profiles of different cluster samples, and measured using different SZ maps (top), their associated log-derivative (middle), and the
difference between the log-derivatives of the data and model (bottom) as defined in Equation (21). The theoretical prediction (dashed lines), which is a sum
of one-halo and two-halo contributions (each shown as gray dotted and dashed-dotted lines, respectively, in the left panel for the SPT predictions alone), is
described in Section 3.2. The left panels show results for SZ-selected clusters from SPT and ACT, while the right is optically selected clusters in DES with
a mass cut "200m > 1014.5 M� . For the SZ-selected samples, the derivative is lower at '200m than the theory curve, consistent with A22. The behavior for
optically selected clusters is less clear due to potential inaccuracies in the theoretical model, such as the miscentering model. All profile measurements have
a two-halo component, seen most prominently at large radii, that is consistent with the model. Estimates for the location and depth of the first log-derivative
minimum (“pressure deficit”) in each measurement are shown in Table 1. The gray band in the left panels demarcates the range of radii used to quantify the
significance of the pressure deficit as shown in the table. The dotted lines in the right panel are the theory models without any miscentering effects included;
including the miscentering (dashed line) changes/improves the model. The two dashed lines in the right panels overlap with one another. The correlation matrix
of the log-derivative is shown in Figure D1.

kinetic energy to thermal energy during structure formation. They
preferentially heat the ions over the electrons given the former are
more massive. Thus, shock-heated plasma has colder electrons than
protons, and the low density of particles in the cluster outskirts
implies these two particle species never equilibrate. Rudd & Nagai
(2009, see their Figure 2) use simulations specialized to model
the electron-ion temperature differences and show that this effect
causes a deficit in the cluster tSZ profiles12, while Avestruz et al.
(2015, see their Figure 1) do the same but focus on the 3D cluster
temperature profiles. This pressure deficit feature would not be
present in most cosmological hydrodynamical simulations as they a
priori assume local thermal equilibrium between electrons and ions.

12 Such a deficit should also be present in electron temperature profiles
measured through X-ray data. However, our current X-ray observations do
not extend to such large radii, ' ⇡ '200m, and are instead limited to much
smaller radii where the higher number densities allow the ion and electrons
to quickly achieve temperature equilibrium.

We will henceforth refer to the pressure deficit as a shock feature
and denote its location the shock radius, 'sh.

As Figure 2 and Table 1 show, the ACT DR6 data strengthen
the evidence for a pressure deficit feature near the cluster virial
radius. This is the same feature first noted in A22 with SPT-SZ
data and with ACT DR5 clusters measured on the ACT DR4 map.
We estimate the significance of the feature in the ACT data at 6.1f.
Given the new, more robust definition of signal-to-noise in Equation
(24) and the switch from the “Shock heating” model of Battaglia
et al. (2012) to the “200 AGN” model, the estimated significance
of the feature in SPT-SZ is 2.7f compared to the estimate of 3.1f
from A22. We have verified that our pipeline reproduces the SPT-
SZ result of the previous work if we revert back to the previous
signal-to-noise definition and model choice.

The deficit in both SPT and ACT is found at consistent radial lo-
cations, with '/'200m = 1.09 ± 0.08 and '/'200m = 1.16 ± 0.04,
respectively. The minima in the log-derivatives are consistent as
well, with d lnH

d ln' = �4 ± 0.5 and d lnH
d ln' = �3.5 ± 0.1, respectively.

These estimates are detailed further in Table 1. The similarity of the

MNRAS 000, 1–26 (2021)

D. Anbajagane et al.  
MNRAS, Volume 527, Issue 3 
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Figure 4. The left column shows the SZ data using the UPP and the right column is from the BPP. The solid black lines in
each plot represents the best fit using our Bayesian method on bias corrected data described in subsection 4.2. The black data
with error bars represent the SZ detections with SNR > 1.35 while the red triangles are the nondetections placed at 3�. The
shaded regions in the top two rows denote the 95% confidence bands around the best fit relation. Results from previous studies
are also shown for comparison. In the bottom row, the black line and dashed green line appear to lie on top of each other, but
the black line is slightly below the dashed green line (1:1 relation).

Pratt et al. ApJ 890, 2 id 186
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aging this relationship, we can estimate the electron tem-
perature as a function of radius for these filters.

The electron temperature is e↵ectively given by the
ratio between the two profiles. Or more specifically, we
can use:

Te =

✓
mec

2

kB

◆✓
yAP

⌧AP

◆
. (8)

In this equation yAP represents the signal from
our AP filtered Compton-y maps and ⌧AP =
(c/vtruerms )TkSZ/TCMB, where vrms = 314 km/s is the RMS
of the peculiar velocities along the line-of-sight for the
mean redshift of our sample (z = 0.57), assuming a lin-
ear relation between velocity and density (as in A21). Be-
cause the measurements of yAP and ⌧AP are done using
di↵erent maps, the beam di↵erences between the maps
needs to be accounted for. To do so, we reconvolve the
f150 temperature map to the wider beam of the y map
before applying the filters and calculating ⌧AP . The re-
sulting profile has the same AP dependencies as our kSZ
and tSZ profiles, meaning that it should not be inter-
preted as a radial di↵erential profile, but instead as an
integrated mean profile.

Because the amplitude of the kSZ profile depends on
the correlation coe�cient of the velocity reconstruction,
this measurement of the temperature depends on that co-
e�cient. For that reason, we assume the profile has some
overall scaling factor (S, see §IV for details) that would
a↵ect the amplitude but not the shape of the profile. If
this factor was less than 1, which is what we expect, then
this would result in a reduction in the amplitude of the
temperature profile.

The temperature profile, shown in Figure 9, decreases
with radius. This shape indicates that while the virial
temperature may be a reasonable estimate for the cen-
tral temperature, there is evidence that the temperature
decreases towards the edge of the halos beyond the virial
radius. A similar profile was seen in A21 and S21 when
they measured the electron temperature profile for their
sample; however their measurement showed evidence for
a more rapid drop in temperature.

VIII. MODELING THE SZ SIGNALS

A. The GNFW Profile

We model the SZ signals presented in §IV and §V
using a three-dimensional generalized Navarro-Frenk-
White (GNFW) model following A21 and using the con-
vention in [78] 4. This model describes the electron num-
ber density (ne), which is related to the kSZ signal by

4
This is implemented using the Mop-c GT code (https://github.
com/samodeo/Mop-c-GT) presented in A21.

FIG. 9: The electron temperature profile given by the
ratio of the kSZ and tSZ measurements. We also show
the temperature derived from the tSZ and kSZ models,
which is based on the spread of the posteriors for those
models (and described in SectionVIII E). For comparison,
we plot the virial temperature as a horizontal dashed
line with a 1� error band as estimated from the error on
the virial mass. The vertical line gives the virial radius,
added in quadrature with the beam.

the following equation:

�TkSZ

TCMB
=

�T

c

Z

los

e
�⌧

nevpdl , (9)

where los refers to the line-of-sight, vp is the line-of-sight
peculiar velocity, and ⌧ is the optical depth to Thomson
scattering.
The model also describes the electron pressure profile,

which is related to the tSZ signal by:

�TtSZ

TCMB
= ftSZ(⌫)y , (10)

where ftSZ(⌫) describes the frequency dependence of the
tSZ signal and y is given by:

y(✓) =
�T

mec
2

Z

los

Pe(
p

l2 + dA(z)2|✓|2)dl . (11)

Here me is the electron mass and �T is the Thomson
cross-section.
For both profiles, we use the same formalism given in

A21. Thus, the GNFW density profile is given by:

⇢(x) = ⇢0(x/xc,k)
�k [1 + (x/xc,k)

↵k ]�
�k��k

↵k .

⇢gas(x) = ⇢cr(z)fb⇢(x) .
(12)

Here ⇢0 is the central density, ⇢cr(z) is the critical density
of the Universe at redshift z and fb is the baryon fraction.
We define x = r/R200 where M200 is the mass within
R200, within which the halo density is 200 times ⇢cr(z).
xc,k is the core scale; ↵k is the slope at x ⇠ 1 while �k and
�k give the slopes at x >> 1 and x << 1, respectively.

The electron temperature profile given 
by the ratio of the kSZ and tSZ 

measurements of DES redMaGiC 
galaxies.

M. Mallaby-Kay et al.  
Physical Review D, Volume 108, Issue 2, article id.023516
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Figure 2. Top: The average Planck y map stacked against 262,864 LRG
pairs in a coordinate system where one LRG is located at (X,Y) = (�1, 0)
and the other is at (X,Y) = (+1, 0). The square region, �3 < X < +3 and
�3 < Y < +3, comprises 151 ⇥ 151 pixels. Bottom: The corresponding y
signal along the X axis.

Figure 3. Illustration to estimate the radial profile of each single halo. The
y value at a pixel p, yh (p), is the sum of ith radial bin centred on the
left LRG at (�1, 0), yL, i (p) , and jth radial bin centred on the right LRG,
yR, j (p) at (+1, 0). To avoid biasing the profiles with non-circular filament
signal, the central region �1 < X < +1 and �2 < Y < +2 is excluded.

Figure 4. Top: The circular halo profiles estimated to the map in Figure 2.
Bottom: The radial profile of the left and right halos shown above.

Figure 5 shows the residual y map after subtracting the cir-
cular halo profiles shown in Figure 4 (note the change in colour
scale from Figures 4 and 5). The bright halo signals appear to be
cleanly subtracted, while a residual signal between the LRGs is
clearly visible. The lower panels of Figure 5 show the residual sig-
nal in horizontal (Y = 0) and vertical (X = 0) slices through the
map. The shape of the signal is consistent with an elongated fila-
mentary structure connecting average pairs of central LRGs. The
mean residual signal in the central region, �0.8 < X < +0.8 and
�0.2 < Y < +0.2, is found to be �y = 1.31 ⇥ 10�8.

3.3 Null tests and error estimates

To assess the reality of the residual signal and estimate its uncer-
tainty, we perform two types of Monte Carlo-based null tests. In
the first test, we rotate the centre of each LRG pair by a random an-
gle in galactic longitude, for example, the centre of one LRG pair
is rotated from [l, b] = [10�, 60�] to [l, b] = [150�, 60�]. (Keeping
the latitude fixed keeps the galactic foreground level in the y map
approximately fixed.) We then stack the y map against the set of ro-
tated LRG pairs, and we repeat this stacking of the full catalog 1000
times to determine the rms fluctuations in the background (and
foreground) sky. Figure 6 shows one of the 1000 rotated, stacked y
maps: the map has no discernible structure. We can use this ensem-
ble of maps to estimate the uncertainty of the filament signal quoted
above. Taking the same region used before (�0.8 < X < +0.8 and
�0.2 < Y < +0.2), we find that the ensemble of null maps has
a mean and standard deviation of �y = (�0.03 ± 0.24) ⇥ 10�8 in
Figure 8. Since the average signal in this null test is consistent with
zero, we cautiously infer that our estimator is unbiased, however,
we present another test in the following.

MNRAS 000, 1–12 (2017)

Tanimura et al.  
MNRAS, Volume 483 Issue 1 
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Figure 5. 68 per cent confidence constraints on the power-law evolution of
outer metallicity as a function of redshift, Z ∝ (1 + z)γ . Red constraints use
observations from Suzaku (black points) and Chandra (binned black boxes;
68 per cent and 95 per cent 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 z = 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 < z < 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 (z > 2), though they allow
(and require at 68 per cent confidence) some ongoing enrichment at lower
redshifts.

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

Z = Z0

(
1+z

1+zpiv

)γ
, 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.

zpiv 0.09
Z0/Z" 0.321+0.014

−0.016

γ −0.5+0.4
−0.3

σ ln Z <0.09
ln (Z/ZCha) 0.28+0.10

−0.07

on the evolution parameters of this model are detailed in Fig. 5.
While previous analyses of low-redshift data have provided excellent
constraints on the ‘redshift zero’ metallicity, the addition of these
high-redshift objects significantly improves the constraints on the
evolution slope, γ . In combination with the lower redshift data, we
find Z0 = 0.321+0.014

−0.016 (at a redshift of zpiv = 0.09) and γ = −0.5+0.4
−0.3.

A summary of all fit parameters can be found in Table 4.
Our results (see also Mantz et al. 2020) provide the first precise

measurement of the metallicity of ICM at high redshifts (z > 1) for the
regions beyond cluster cores. The upper redshift limit of our sample

similar manner. As such, we assume that results from Suzaku and XMM can
be combined without the need for a cross-calibration factor in this analysis.

corresponds to a lookback time of nearly 10 billion years, and our
results have significant implications for models of ICM enrichment
(e.g. Biffi et al. 2017, 2018; Vogelsberger et al. 2018). For the ICM
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 z

∼ 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 on to
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 Z" at z ∼ 2 to ∼ 0.3 Z" 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
gradients (also at modest significance) in two of the clusters in
our sample, SPT J2341 and SPT J0459 (see Table 3); the MCMC
posteriors indicate Zin/Zout ∼ 2, with detections of central metal-
licity enhancements at the 96 and 90 per cent confidence levels,
respectively. Subcluster merger events are thought to be effective at
disrupting central metallicity gradients (e.g. Allen & Fabian 1998;
De Grandi & Molendi 2001; Rasia et al. 2015). The presence of
metallicity gradients in these systems (at redshifts z = 1.26 and z =
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 noted that the investments of new Chandra and XMM–Newton
observing time involved were substantial, with approximately 1 Ms
of clean exposure time provided by each telescope (i.e. Chandra
and each of the three XMM–Newton telescopes) after event filtering.
We additionally note that the clusters studied here include the most
massive clusters at z > 1 discovered in the full SPT 2500 deg2 survey
(Bleem et al. 2015). Future studies of this survey region will likely
target predominantly less massive systems with lower emissivity.
It may therefore be challenging to improve substantially on the
measurements at high z presented here with existing technology
and analysis methods.

While measurements of low-redshift clusters with the Suzaku
satellite were able to probe the temperature and metallicity of the
ICM out to radii well beyond r500 and approaching the virial radius,
observations with Chandra and XMM–Newton have to date been
limited to r < r500 by the instrumental background, sourced by the
interactions of cosmic ray particles with the satellites and detectors.
Our best near-term hope to improve substantially on measurements
of the type presented here may therefore lie with approaches to
reduce the impact of the particle background on such measurements
(Wilkins et al. 2020).

6 C O N C L U S I O N S

We have presented the analysis of deep Chandra and XMM–Newton
observations of 10 massive, high-redshift (z > 1) galaxy clusters,
selected from SZ and X-ray surveys, with the goal of obtaining
improved constraints on the enrichment history of the ICM. The X-
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● Further coordination with LSS and emissive sources to define boundaries in chapters  
● (e.g., protoclusters, cross-correlation of Compton-y map with other tracers, kSZ)  

● Updating forecasts for CMB-S4 and highlighting science cases with largest gains 
from Stage 3 → Stage 4 CMB data 
● Check the impact of using end-to-end simulations (like DC)  
● Variations amongst current/upcoming hydrodynamic simulations (CRK-HACC, EAGLE, FIRE, 

Flamingo, Illustris, Magneticum, SIMBA, ..) as well as “baryonification” of N-body sims (Agora, Baryon-
pasters, PICASSO, Websky, …) 

● Identifying missed  synergies between CMB-S4 and multi-wavelength surveys for 
cluster/galaxy astrophysics 

● Assign writing assignments to members of the group to finish chapter 6.  
● Volunteers at the moment: Jim Bartlett, Lindsey Bleem, Sebastian Bocquet, Jean-Baptiste Melin, 

Elena Pierpaoli, Srinivasan Raghunathan (+ you!)

18
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