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Formation of galaxy clusters

Large variations of Compton parameter with time

Growth of galaxy clusters:

14 Gregory B. Poole et. al.

Figure 7. The evolution of the central Compton parameter (yo) as a function of time for our simulations. Results computed assuming
an isothermal β-models are shown with thin blue curves while direct integrations of our simulations (with densities and temperatures
within 30 kpc held constant) are shown with thick red curves. Horizontal dashes represent the final values expected for the β-model
results from the mass scalings derived from our fiducial models (see Section 3.1). Vertical dotted lines indicate (from left to right)
to (the time of virial crossing), tclosest (first pericenter), taccrete (second pericenter) and trelax (the moment our remnants would
appear relaxed to a 50 ks Chandra exposure at z = 0.1). Black text around the boundary indicates the mass ratio and vt/Vc depicted
by each panel.

Figure 8. The evolution of integrated SZ fluxes (SνD2
A/fν) computed within R2500 for our simulations as a function of time. Results

computed assuming an isothermal β-model are shown with thin blue curves while direct integrations from our simulations are shown
with thick red curves. Horizontal dashes represent the final values expected from the mass scalings derived from our fiducial models (see
Section 3.1). Vertical dotted lines indicate (from left to right) to (the time of virial crossing), tclosest (first pericenter), taccrete (second
pericenter) and trelax (the moment our remnants would appear relaxed to a 50 ks Chandra exposure at z = 0.1). Black text around
the boundary indicates the mass ratio and vt/Vc depicted by each panel.
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Smooth accretion of surrounding material  
       linear regime

Merger events with substructures + 
Stabilization of gravitational collapse  
       non-linear regime

Galaxy cluster mergers and SZ effect:

ICM pressure most rapidly evolving at 
<latexit sha1_base64="Oe1fHwkrdByuE7f8WNi+oQQrCvg="></latexit>

1 < z < 2

Analysis of ICM thermodynamic properties at
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z > 1essential to understand structure formation
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Constraining cluster models with ICM observations

kB Te(x, y) = Pe(x, y)/ne(x, y)
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X-raysSZ effect

Ke(r) = Pe(r)/ne(r)
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X-raysSZ effect

Radial distribution of gas entropy:

Shape and amplitude: energy inputs in the ICM

ICM temperature map:

Thermalization of merging substructures with the main halo
Illustris

ICM Temperature [log K]

TNG
20182014

z = 1.4
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Improvement of ICM models
Need high-angular resolution X-ray/SZ observations at
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z > 1

AGN feedback / shock fronts / turbulence
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Mass function:

Calibrated from numerical simulations (mostly N-body)

Hydrodynamic simulations: different cluster abundance
Impact of gas properties and feedback on cluster abundance

Cosmological impact (significant for next generation surveys)

Observational priors to improve cosmological simulations

Not enough knowledge on: - AGN feedback
 - heat dissipation within the ICM
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Fig. A.2: Robustness to the choice of mass function. The grey
shaded contours give the cosmological constraints when using
the Tinker et al. (2008) mass function, corresponding to our fi-
nal result. This is compared to constraints obtained when using
the Watson et al. (2013a) mass function, shown as the red shaded
contours. In this figure we adopt the SZ+BAO+BBN data set and
the CCCP mass bias prior.

constraints. We note that we use the general fit from Eq. (12)
of Watson et al. (2013a) (independent of redshift). This was not
the case for our 2013 paper (Planck Collaboration XX 2014)
where we adopted the AHF fit with parameters varying with red-
shift in the first posted version of the paper (see Watson et al.
2013b, on ArXiv.org), which was subsequently found to be in-
correct.

Appendix A.3: Redshift evolution of the Y-M relation

Throughout our baseline analysis, we fix the redshift evolution
exponent � = 0.66 (self-similar prediction) in Eq. (7). Here we
examine the impact of allowing this parameter to vary. Con-
straints when leaving � free are shown in Fig. A.3. The “� fixed,
↵ constrained” case corresponds to the two-dimensional N(z, q)
likelihood (CCCP mass bias prior and ↵ constrained) combined
with BAO and BBN, as in Fig. A.2. This contour is also identical
to the N(z, q) contour with ↵ constrained, shown in Fig. 5. For
the “� constrained” cases, � is allowed to vary over the range
0.66 ± 0.50 (Table 1). This increases the size of our constraints
along the major degeneracy between ⌦m and �8, but does not
bring them into any closer agreement with the primary CMB.

Andreon (2014) recently reanalyzed the subsample of 71
clusters used in Planck Collaboration XX (2014). Through a
joint fit to the normalization and redshift evolution of the Y-M re-
lation, he found a significant detection of non-standard redshift
evolution. It is possible that this conclusion is driven by sys-
tematic e↵ects in the X-ray and SZ measurements. In particular,
low-z objects have larger angular sizes, and so measurement of
their X-ray and SZ quantities are subject to di↵erent systematic
e↵ects compared to equivalent measurements for high-z objects.
Appendix D of Planck Collaboration XXIX (2014) includes a
comprehensive discussion of the various systematic e↵ects that
may have an impact on measurement of the Y-M relation. Given
these caveats, we believe that it is premature to draw definitive
conclusions on the evolution of the Y-M relation.

Fig. A.3: Robustness to redshift evolution in the SZ-mass scal-
ing relation. The di↵erent contours show the constraints when
relaxing the redshift evolution exponent, �, of Eq. (7). The black
contours result from fixing � = 0.66, our fiducial value through-
out, with ↵ constrained by the Gaussian X-ray prior of Table 1.
Applying a Gaussian the prior on � instead, from Table 1, pro-
duces the blue contours, while the red contours result when we
also leave ↵ free. In this figure we adopt the SZ+BAO+BBN
data set and the CCCP mass bias prior.

Appendix A.4: Slope of the Y � M relation

The one-dimensional analysis of the redshift distribution in
Sect. 6.2 preferred steeper values of the Y �M scaling exponent,
↵, than indicated by X-ray studies of local clusters (see Fig. 5,
case ↵ free, black contours and curves). This seems to be related
to the flattening in the redshift distribution around z = 0.2 seen in
Figures 4 and 6. To explore this, we separately extracted param-
eter constraints from low (z < 0.2) and high (z > 0.2) redshift
bin sets (two and eight bins, respectively) when leaving ↵ free.

Figure A.4 compares the constraints from these splits to
those from the full bin set (with ↵ free). Neither the low nor
the high redshift bin set on its own prefers the steep slope – the
posteriors peak near the X-ray value, i.e, the clusters in each sub-
sample follow the expected scaling relation. Cosmological con-
straints from the low-z data broaden compared to the full data
set, and bimodality appears in the distribution for ⌦m. The high-
z data, on the other hand, loose precision on ↵, although the peak
in the posterior shifts to the X-ray value, but maintain constraints
on the cosmological parameters that are similar to those from the
full data set.

Only the combined data covering the full redshift range pre-
fer the steep slope. The parameters are coupled in a subtle inter-
play that favours high values of ↵ and moves the cosmological
parameters along the degeneracy ridges to settle on their high-z
values. These degeneracies mask the interplay and unfortunately
make further exploration di�cult with the present data set.
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The effect of AGN feedback on the HMF 5

Figure 2. Effect of baryons on the halo mass function (HMF) for spherical overdensity (SO) halos. Each panel is the same as in Fig. 1,
but for the spherical SO HMFs with halo masses computed for ∆c = 2500 (left panel), 500 (middle panel) and 200 (right panel).

1014 h−1 M⊙. At ∆c = 500 and 200, the difference between
AGN and DM HMFs reduces, with a mild dependence on
halo mass: dn/dnDM ≈ 0.7,≈ 0.8 at M ≈ 1013 h−1 M⊙ to
dn/dnDM ≈ 0.9,≈ 1.0 (∆c = 500, 200, respectively) in the
high mass end.

In general, the effect of including baryons on the HMF
goes in the same direction, independent of whether FoF or
SO halo finders are used. While this holds at a qualitative
level, as expected quantitative differences between FoF and
SO results are found, especially for the AGN case. As we
will discuss in the following, the effect of including AGN
feedback is that of producing halos that are less concentrated
than in the CSF case. As a result, one expects that matching
SO and FoF HMFs requires in the CSF simulation a higher
∆c than in the AGN simulation. Many efforts are made to
rematch the two halo mass functions by tuning b and ∆c (for
example Lukić et al. 2009; Courtin et al. 2011; More et al.
2011). However, as shown in Watson et al. (2013), even in
dark-matter-only simulations, matching FoF HMFs to SO
HMFs not only depends on the choice of b and ∆c, but also
on the concentration parameter, pseudo mass evolution, and
the problems inside the two algorithms. These quantitative
differences between FoF and SO results make this matching
progress even more complex if baryon models are taken in
account.

In order to understand the origin of the baryonic ef-
fects on the HMFs predicted by our simulations, we further

focus on the difference of masses of matched halos at over-
density ∆c = 500 (see Section 3.3 for the description of
the matching procedure). We show in Fig. 3 the ratio be-
tween masses of matched halos in each one of the two hydro-
dynamical simulations and in the DM simulation (red and
green points for the CSF and AGN case, respectively). In
each panel, the thick lines show the mean value of these ra-
tios computed within each mass bin (magenta for CSF and
blue for AGN). As for the CSF case, the effect of baryons
is that of increasing halo masses by an amount which is
almost independent of redshift. At each redshift, the halo
mass ratio weakly decreases with halo mass, from ∼ 1.1 at
M500 = 1012.5 h−1 M⊙ to ∼ 1.05 at M500

>
∼ 1013.5 h−1 M⊙,

then becoming constant (see also Paper I). As for the AGN
simulation, the effect of baryons goes in the opposite di-
rection of decreasing halo masses, thereby decreasing the
corresponding HMF, as shown in Fig. 2. Also in this case,
there is no evidence for a redshift evolution of the halo mass
ratio, at least below z = 1.0. However, there is an obvi-
ous increase of this ratio with halo mass, that ranges from
∼ 0.8 at M500 = 1012.5 h−1 M⊙ to ≃ 1 for the most mas-
sive halos found in our simulation box. Similar trends are
also found for the mass ratio with ∆c = 2500, 200, both of
which also show no evidence of redshift dependence for both
hydrodynamical simulations. We verified that using the me-
dian value of those data points gives almost identical lines
to these mean lines. As discussed in the Appendix C, this
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dn/dnDM ≈ 0.9,≈ 1.0 (∆c = 500, 200, respectively) in the
high mass end.
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dynamical simulations and in the DM simulation (red and
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Figure 2. Effect of baryons on the halo mass function (HMF) for spherical overdensity (SO) halos. Each panel is the same as in Fig. 1,
but for the spherical SO HMFs with halo masses computed for ∆c = 2500 (left panel), 500 (middle panel) and 200 (right panel).

1014 h−1 M⊙. At ∆c = 500 and 200, the difference between
AGN and DM HMFs reduces, with a mild dependence on
halo mass: dn/dnDM ≈ 0.7,≈ 0.8 at M ≈ 1013 h−1 M⊙ to
dn/dnDM ≈ 0.9,≈ 1.0 (∆c = 500, 200, respectively) in the
high mass end.

In general, the effect of including baryons on the HMF
goes in the same direction, independent of whether FoF or
SO halo finders are used. While this holds at a qualitative
level, as expected quantitative differences between FoF and
SO results are found, especially for the AGN case. As we
will discuss in the following, the effect of including AGN
feedback is that of producing halos that are less concentrated
than in the CSF case. As a result, one expects that matching
SO and FoF HMFs requires in the CSF simulation a higher
∆c than in the AGN simulation. Many efforts are made to
rematch the two halo mass functions by tuning b and ∆c (for
example Lukić et al. 2009; Courtin et al. 2011; More et al.
2011). However, as shown in Watson et al. (2013), even in
dark-matter-only simulations, matching FoF HMFs to SO
HMFs not only depends on the choice of b and ∆c, but also
on the concentration parameter, pseudo mass evolution, and
the problems inside the two algorithms. These quantitative
differences between FoF and SO results make this matching
progress even more complex if baryon models are taken in
account.

In order to understand the origin of the baryonic ef-
fects on the HMFs predicted by our simulations, we further

focus on the difference of masses of matched halos at over-
density ∆c = 500 (see Section 3.3 for the description of
the matching procedure). We show in Fig. 3 the ratio be-
tween masses of matched halos in each one of the two hydro-
dynamical simulations and in the DM simulation (red and
green points for the CSF and AGN case, respectively). In
each panel, the thick lines show the mean value of these ra-
tios computed within each mass bin (magenta for CSF and
blue for AGN). As for the CSF case, the effect of baryons
is that of increasing halo masses by an amount which is
almost independent of redshift. At each redshift, the halo
mass ratio weakly decreases with halo mass, from ∼ 1.1 at
M500 = 1012.5 h−1 M⊙ to ∼ 1.05 at M500

>
∼ 1013.5 h−1 M⊙,

then becoming constant (see also Paper I). As for the AGN
simulation, the effect of baryons goes in the opposite di-
rection of decreasing halo masses, thereby decreasing the
corresponding HMF, as shown in Fig. 2. Also in this case,
there is no evidence for a redshift evolution of the halo mass
ratio, at least below z = 1.0. However, there is an obvi-
ous increase of this ratio with halo mass, that ranges from
∼ 0.8 at M500 = 1012.5 h−1 M⊙ to ≃ 1 for the most mas-
sive halos found in our simulation box. Similar trends are
also found for the mass ratio with ∆c = 2500, 200, both of
which also show no evidence of redshift dependence for both
hydrodynamical simulations. We verified that using the me-
dian value of those data points gives almost identical lines
to these mean lines. As discussed in the Appendix C, this
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Systematics on the cluster mass function
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Mapping the ICM temperature with X-ray observations
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Figure 4. Upper left: projected emission measure per unit area map (units are log10 cm�5 arcsec�2 ). The emission measure is the XSPEC normalization of
the MEKAL spectrum K = EI/(4⇥ 1014pD

2
A
(1+ z)2), where EI is the emission integral EI =

R
nenH dV . The approximate position of the core collision site

is labelled. Upper right: projected temperature map (keV). Note that the white circle behind the cool core is the excluded central AGN. Lower left: projected
pseudo-pressure map ( keV cm�5/2 arcsec�2 ). Lower right: projected metallicity map (Z�) generated using larger spectral bins with ⇠ 5000 counts. The
excluded point sources are visible as small white circles. North is up and East is to the left.

Fig. 7 shows the surface brightness and temperature of the
gas in the SW plume and a comparison no-plume sector on the
other side of the subcluster tail (see Fig. 5). These two sectors were
also each compared with two neighbouring sectors positioned ei-
ther side to the NW and SE. Fig. 7 (left) shows the surface bright-
ness enhancement of the plume over the surrounding sectors from
⇠ 50�250 kpc. The electron pressure is possibly higher in the sec-
tor to the SE of the plume as the temperature is higher here but
the errors are large, otherwise the plume is in pressure equilibrium
with the surroundings. There is no comparable surface brightness

increase in the no-plume sector. The increase in temperature in the
NW no-plume sector is probably due to the inclusion of a section
of the upstream shock in the region analysed. The metallicity is
approximately constant at 0.4Z�, similar to the ambient ICM, for
both plume and no-plume sectors.

We suggest that the plume is likely to be the remnant of the
primary cluster core which has been pushed forward and laterally
by the impact of the subcluster core. There does not appear to be a
symmetric structure extending from the merger axis to the NE but
this can be explained if the two clusters collided with a non-zero

c� 0000 RAS, MNRAS 000, 000–000
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TX [keV]

Plume

Core

Shock

Russell et al., MNRAS (2012)

Abell 2146

X-ray temperature:

Parameter of a model of the measured X-ray spectrum

Degeneracy with: - hydrogen column density
- ICM density and metallicity

Potential calibration bias (difficult to correct in space)

Need               counts for a good estimate of  
<latexit sha1_base64="HBM09/ukDrqYk3ALT7f0D32B4jk="></latexit>⇠1000
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TX

X-ray temperature map: only feasible for massive 
low-redshift clusters with current instruments

Florian Ruppin  -  mm Universe @NIKA2  -  June 28, 2021



Formation of galaxy clusters
Impact of Mergers and Feedback on ICM temperature

Mapping the ICM temperature at high redshift
Joint X-ray / SZ analyses of MaDCoWS clusters

Mapping ICM temperature without X-rays
Detecting the rSZ effect

Conclusions / Perspectives
Bridging the gap between Chandra—XMM and Lynx—Athena
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Building a sample of z > 1 galaxy clusters
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SZ-detected clusters observable by NIKA2 and MUSTANG-2 (                   )
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� > �10�

No Planck-detected clusters at
Only 4 ACT-detected clusters at              (in 2019)
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z > 1
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z > 1

Need to consider optical / IR selection to build our sample
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MaDCoWS survey: massive clusters at high redshift

Confirmation: - Gemini + Keck spectroscopy

MaDCoWS: The Massive Distant Clusters of WISE survey

WISE: Wide-field Infrared Survey Explorer

All-sky survey at        ,       ,      , and
<latexit sha1_base64="c07awveGk6fGn8huhu+ic+hJvD0="></latexit>

3.4
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4.6
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22 µm

2433 density peaks in the WISE—Pan-STARRS region

Cluster detection: galaxy overdensities using WISE and optical data (PZWav)

redshift
- CARMA SZ mass (scaling relation)

MaDCoWS. III. SZ Masses of Clusters at z ∼ 1 3

Fig. 1.— 8′ × 8′ CARMA 30 GHz maps (left column) and 4′ × 4′ optical/IR images (right column) of high-redshift MaDCoWS clusters.
The CARMA maps are in units of SNR in the SZ detection, which are negative to reflect the decrement. The FWHM of the synthesized
beams are shown in the lower left in each map. The optical layers of the pseudo-color images are composed of r and z images from
Gemini/GMOS-N, with the exception of MOO J1014+0038 for which we have these same bands from Magellan/IMACS. The IR layer is
IRAC 3.6 µm except for MOO J1155+3901, for which we use the WISE W1 band at 3.4 µm. Contours of the SZ decrements in SNR are
overplotted on the optical/IR images. In all cases the least significant contour is SNR = −1 and the contours increase in significance by
∆SNR = −1. The locations of the emissive sources list in Table 2 are indicated with white boxes.

Gemini/GMOS-N + Spitzer/IRACCARMA

Brodwin et al., ApJ (2015)

12

Figure 8. Distributions of cluster candidates from the WISE—Pan-STARRS and WISE—SuperCOSMOS searches atop a WISE source
density map. White circles denote the 2433 candidates from the WISE—Pan-STARRS region that are presented in Table 3, while blue
circles identify the 250 highest amplitude candidates found outside this region using WISE and SuperCOSMOS data (see Table 4). The
white dashed curves delineate the Galactic zone of avoidance, which lies at |b| < 25� for the Pan-STARRS region more than 30� in longitude
from the Galactic center, and at |b| < 30� near the Galactic center and within the SuperCOSMOS region. The green curve at � = �30�

corresponds to the southern limit of the Pan-STARRS survey.

Figure 9. Histogram showing the distribution of the peak am-
plitudes for detections in the Pan-STARRS catalog, normalized so
that the highest amplitude detection has an amplitude of 1.

a physical uncertainty of 175 kpc in the cluster position
relative to the peak of the galaxy density distribution
derived from Spitzer data.

6. SURVEY CHARACTERIZATION

In the previous section we presented the MaDCoWS
catalog and basic properties of the cluster candidates.
We now proceed with a more extended discussion of de-
rived properties of the candidates and sample based upon

0 20 40 60 80 100
Ngal (<1’)
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Random Fields
SPT clusters

MaDCoWS

Figure 10. Comparison of IRAC richnesses, defined as the num-
ber of galaxies with red IRAC colors that lie within a 10 circle
of the cluster locations, for MaDCoWS cluster candidates (red)
with z > 0.9 SPT-SZ clusters (blue), and with random locations
in the SpUDS field survey (shaded grey, with the dashed black
line denoting a best fit Gaussian). The MaDCoWS cluster candi-
dates and SPT-SZ clusters on average have similar overdensities of
red galaxies, with both samples significantly exceeding the random
field distribution.

additional data obtained for subsets of the sample.

6.1. Photometric Redshift Calibration

Gonzalez et al., ApJS (2019)
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Observing clusters at z > 1 with NIKA2
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X-ray and SZ observations at z > 1:
Sample of 10 clusters

3 MOO-X/SZ proposals:
- OT with NIKA2: MOOJ1142 (observed by Chandra)
- OT with NIKA2: 5 clusters observed by Chandra

Goal: Study merger dynamics and evolution of ICM thermodynamic properties at z > 1

- LP with Chandra: 4 clusters observed by MUSTANG2
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Most massive cluster known at z > 1.2

The case of MOO J1142: merging galaxy cluster at z = 1.2
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in Infrared
High-angular resolution follow-ups:
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3.6 µm- In IR with Spitzer (IRAC              )

- In SZ with NIKA2
- In X-ray with Chandra (ACIS-I)

Two main galaxy structures A and B

X-ray peak coincides with brightest cluster galaxy (A)

SZ peak between A and B

Radio source at the X-ray peak 
(cancel SZ signal)

Merging cluster with a cool-core
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ICM entropy profile and temperature map
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F. Ruppin et al., ApJ 893, 74 (2020)

X / SZ pipeline: joint analysis of NIKA2 and Chandra data

Entropy: Ke(r) = Pe(r)/ne(r)
5/3
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ChandraNIKA2

Temperature:
ChandraNIKA2

kB Te(x, y) = Pe(x, y)/ne(x, y)
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- Entropy: profile 3 times more constrained than X-ray results
- Temperature: constrain merger dynamics + cool core

Entropy profiles + temperature maps 
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Mapping the ICM temperature in a cluster sample at z > 1
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z = 1.14
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z = 1.19
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M500 = 3.3⇥ 1014 M�

Elongated ICM morphology
Over-pressure region in the west

MOO J0319-0025
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M500 = 3.1⇥ 1014 M�

Clear bimodal ICM morphology

South-east peak: high-pressure / low-density

Hint of a third peak in the north

NIKA2 @150 GHz

NIKA2 @150 GHz

Chandra
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Mapping the ICM temperature in a cluster sample at z > 1
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z = 1.23
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z = 1.75
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M500 = 5.2⇥ 1014 M�

X-ray and SZ peaks at same location
Clear merging features in the southwest
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M500 = 2.6⇥ 1014 M�

Contamination by radio AGN

X-ray peak between SZ peak and AGN

NIKA2 map similar to MUSTANG-2 one
(slightly more extended signal)
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Mapping the ICM temperature in a cluster sample at z > 1
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z = 1.16

MUSTANG-2 @90 GHz
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z = 1.14

Only cluster with a relaxed morphology 
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M500 = 4.0⇥ 1014 M�
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M500 = 3.0⇥ 1014 M�

Hints of cold gas in the north

Not observed with Chandra yet (scheduled)

ICM elongated in the N-S direction

Hints of a disturbed core

Florian Ruppin  -  mm Universe @NIKA2  -  June 28, 2021



�17

On-going studies based on MOO-X/SZ sample

Combine Chandra and NIKA2 / MUSTANG-2 data at the map level:

Correlate temperature / entropy fluctuations with galaxy distribution
merger dynamics at 
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z > 1

Cross-correlation with radio data:

Connection between ICM thermodynamic properties and AGN radio emission
AGN feedback at
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z > 1

Use X-ray spectroscopic information:

Fix ICM temperature to the SZ / X-ray one to estimate ICM metallicity

Metal enrichment at
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z > 1

Cosmological impact:

Estimate hydrostatic masses and compare with richness-derived masses

Redshift evolution / selection bias at
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z > 1
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Figure 2: Left: Radio observations of MOO J1506+5137. Five sources are clearly seen (labeled “A”–
“E”); two of which (‘A’, ‘B’) show extended, bent tails, while a third (‘D’) also is extended. This level of
radio AGN is unparalleled in the z & 1 universe ([18]). Right: MUSTANG-2 SZ point source-subtracted
observations of MOO J1506+5137, with R500 (⇠1.04/690kpc) highlighted, adapted from [6]. The cluster is
clearly detected, but Chandra observations are required to more accurately subtract point sources and to
derive spatially-dependent ICM properties. Note that the two images show di↵erent scales.

selection, MOO J1506+5137 is most likely the most extreme radio AGN hosting cluster in

this epoch. Due to its extreme properties, we propose to use Chandra to investigate the e↵ects of
AGN on the ICM in this unique cluster. Specifically, we focus on three objectives:
Scientific Objectives

I: Diagnose the AGN powering the radio emission: [18] identified five radio-loud AGN in
this cluster, all with 1.4 GHz powers of order P1.4 ⇡ 1025 W Hz�1. From the scaling relations
presented by [20], these AGN should have X-ray luminosities L2�10 > 1044 erg s�1, potentially
even & 1045 erg s�1. Exactly how X-ray luminous these objects are is an important question –
are jets being powered by X-ray bright AGN, implying significant amounts of accretion are driving
the jet production? Or are these underluminous AGN, in which case the observed jet emission is
indicative of conditions in the ICM.

If the radio-loud AGN are X-ray bright, we will model their X-ray spectra. Accurate measure-
ment of the X-ray power-law index, �, will constrain the active accretion rate in these systems (e.g.,
[2]). Alternatively, X-ray fitting will reveal if any of these radio-loud sources are actually blazars
(and thus only have high radio emission due to our viewing angle), which have a characteristic
X-ray power-law index of �⇠1.5 ([21]). For the brightest X-ray sources, we will obtain limits on
the intrinsic absorption present in their spectra, testing the proposal ([4]) that obscured radio-loud
AGN are the product of galaxy-galaxy mergers.
II: Identify all other X-ray luminous AGN in the cluster : The detection of so many
radio-bright AGN in MOO J1506+5137 raises an important question: since only ⇠10 � 20% of
AGN in the field are radio-loud (e.g., [11]), is there a much larger population of AGN hiding in
this cluster as well, or are all accreting SMBHs able to launch radio jets in this environment? If a
larger population of AGN exists here, we will search for correlations between ICM properties (see
below) and the radio source locations, an important step in understanding the complex connection
between AGN accretion and feedback in cluster environments. Conversely, if we can rule out a
broader AGN population, we will be able to directly observe the ICM conditions responsible for

2

MOO J1506

18

Figure 16. Left : SZ-based M500 versus �15, where �15 is defined as the number of galaxies within a 1 Mpc aperture centered on
the cluster above a flux density threshold of 15µJy. For all clusters we use the photometric redshifts to derive the richness; use of the
spectroscopic redshifts has a negligible impact on the resulting richnesses. Right : The same as in the left panel, except that systems that
are known (likely) major mergers based upon Chandra observations are denoted as open (solid) red points and those with no evidence of
major mergers from Chandra observations are plotted as blue points. This panel also includes a best-fit relation is derived excluding the
known and likely major mergers. The best-fit relation is shown as a solid black line, while the shaded region denotes the 68% confidence
interval. The dispersion in the relation is �logM|� = 0.12, or �logM|� = 0.07 if one excludes MOO J0037+3306.

Figure 17. Histograms showing the distribution in �15 for all
MaDCoWS clusters with IRAC photometry. The black histogram
is for clusters from theWISE—Pan-STARRS region, while the blue
histogram is for clusters from the southernWISE—SuperCOSMOS
region. Both samples have similar median richnesses and richness
distributions.

In Figure 17 we plot the observed richness distri-
bution for all clusters with IRAC photometry from
both the WISE—Pan-STARRS and southern WISE—
SuperCOSMOS searches. In both instances these his-
tograms correspond to peak amplitude-limited subsam-
ples, modulo the inclusion of a small number of clusters
added from the Spitzer archive. As is evident from the
figure, both samples have similar median richnesses and
approximately power law distributions at higher richness,

as might be expected if the distribution is probing the
halo mass function at the high richness end with the sur-
vey selection function yielding a turnover in the number
of clusters below �15 ⇠ 25. Using the mass-richness cal-
ibration derived in section 6.3, the median richness for
the WISE—Pan-STARRS sample corresponds to a mass
M500= 1.6+0.7

�0.8⇥1014 M�. The equivalent number for the
WISE–SuperCOSMOS sample is M500= 1.4± 0.7⇥ 1014

M�.
We also present in Figure 18 the current distribution

in the mass-redshift plane of all MaDCoWS clusters with
masses from CARMA or the literature (Fassbender et al.
2011b; Bleem et al. 2015; Hilton et al. 2018), comparing
to existing wide-area SZ and X-ray surveys. We denote
with open circles clusters for which we currently lack a
spectroscopic redshift. These clusters are placed at their
estimated photometric redshift. It is apparent from Fig-
ure 18 that the MaDCoWS sample includes clusters that
span the mass range probed by the combination of ex-
isting SZ and X-ray surveys at this epoch, including sev-
eral of the most massive clusters known at z > 1. For
comparison, we also plot contours showing the inferred
distribution for all MaDCoWS clusters with IRAC pho-
tometry, where we use the photometric redshifts from
§6.2 and richness-based mass estimates from §6.3. The
density contours are spaced by powers of two, illustrat-
ing that the distribution is strongly peaked at z ' 1
and M ' 1 � 2 ⇥ 1014 M�. We caution against over-
interpretation of these contours, particularly outside the
range over which the mass-richness relation is calibrated
(M500⇠ 1.5� 5.4⇥ 1014 M�). These contours should be
considered illustrative rather than definitive.

6.5. Comparison with ACTPol

As a test of our ability to recover known massive,
high-redshift clusters, we compare our MaDCoWS—Pan-

Gonzalez et al., 
ApJS (2019)

Moravec et al., 
ApJ (2020)

Detailed ICM physics in a sample of z > 1 clusters
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Relativistic corrections to the SZ effect
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Figure 9. Spectral modelling results for our sample of 772 galaxy clusters selected from the second Planck cluster catalogue (PSZ2). Top panel: spectrum
extracted after passing the Planck , IRAS and AKARI maps through our matched filtering pipeline and stacking the cluster positions. The red and blue solid
lines indicate the best-fit tSZ and FIR models. Note that the data points have been corrected for the instrumental bandpasses using the best-fit model for
illustrational purposes only in order to plot smooth curves. Bottom panel: marginalized 2D and 1D constraints on our model parameters obtained through an
MCMC approach. The colours in the 2D plots represent the 68, 95, and 99% confidence intervals. The dashed lines on top of the 1D constraints indicate the
best-fit values and the 68% confidence interval. The third parameter of the FIR model �Dust was fixed to the common value 1.5 in order to obtain these results.
We do not observe any strong correlation between the tSZ and FIR parameters. The tSZ signal of the sample is detected with high significance (31�) and we
obtain a 2.2� measurement of the sample-average cluster temperature.

MNRAS 000, 1–22 (2018)

10 ZEMCOV ET AL.

2σ level, which is less significant than the result from the
simpler analysis presented in Section 4.
Figure 8 compares the measured Z-Spec spectrum with

the simulated output and model corresponding to the
maximum of the likelihood function. This figure high-
lights the effects of the chop pattern attenuation on the
measured signal; for example, at 300GHz the brightness
of the measured emission is 6mJy beam−1, though the
simulator allows us to infer that the true SZ brightness
should be 13mJy beam−1 at this frequency in the ab-
sence of the chop. Figure 8 highlights a shortcoming
of Z-Spec for SZ measurements, which is that the in-
strument’s effective passband is too narrow to effectively
constrain the curvature of the SZ effect spectrum over
the band. In terms of the parameters of the spectral
model, because y0 dictates the amplitude of the signal
over the Z-Spec bandpass and the SZ spectrum is close
to linear over it, the constraints on this parameter from
Z-Spec alone are reasonable given the instrumental sen-
sitivity. However, since both the rSZ and kSZ signals
are spectrally broad modifications to the color of the SZ
effect, they are much less constrained by even relatively
wideband measurements near the SZ null. The case of
the rSZ corrections is exemplified in Figure 9: over the
Z-Spec bandpass (which covers the entire 220GHz atmo-
spheric window), the rSZ corrections predominantly have
the effect of flattening the spectrum of the SZ increment.
This means that, in a ∆χ2 sense, a measurement of Te,0
is largely degenerate with a different value of y0. Fur-
ther, because the rSZ corrections are so small, the ∆χ2

accrued from even large changes in Te,0 are not highly
constraining. This is what leads to the poor constraints
on Te,0 in Figure 7; clearly, even high-resolution mea-
surements of the SZ null are not very constraining on
the combination of SZ spectral corrections when taken
over a relatively narrow bandpass. The situation is even
worse in the case of kSZ, which will be discussed in Sec-
tion 4.3.

4.2. Modeling Uncertainties

The various uncertainties in our model of the cluster
emission will lead to uncertainties in the SZ effect param-
eters measured using the likelihood function; these can
be estimated by measuring the variation in the output
SZ parameters caused by changes in the model input to
the simulator. To do this, the input model parameters
are varied within their individual uncertainties and shifts
in the best-fitting results are measured. Table 2 lists the
model parameters which are varied and the shift each
causes from the result y0 = 4.6 × 10−4, Te,0 = 15.2 keV
presented in Section 4.1.
To estimate the effect of the uncertainties in the shape

of the bulk cluster emission, we vary the isothermal β
model to the 1σ uncertainties in the Bolocam measure-
ment of the ICM shape as listed in Table 1. Note that we
have fixed β = 0.86 in the ICM model fits to the Bolo-
cam data due to the strong degeneracy between β and
θc. The degeneracy is especially strong over the relatively
modest spatial dynamic range of both the Bolocam and
Z-Spec data, and therefore fixing the value of β does not

high temperatures. We therefore adopt a conservative upper limit
derived from a reasonable extrapolation of the marginalized likeli-
hood curve.

Fig. 8.— SZ effect distortions corresponding to the most
likely models given the Z-Spec spectral measurement of RX
J 1347.5−1145. The black line shows the measured Z-Spec points,
while the red shows the minimum χ2 model matching the data
arising from the input shown by the solid blue line. The difference
between the red and blue lines is largely due to the effects of the
chop and nod observation strategy and to a lesser extent the vary-
ing beams over the Z-Spec bandpass. The dotted blue line shows
the canonical tSZ effect spectrum corresponding to the peak in the
likelihood function, and dotted blue shows this canonical spectrum
propagated through the Z-Spec pipeline; we can differentiate be-
tween the canonical and rSZ corrected models using their different
amplitudes and shapes.

Fig. 9.— Difficulty in constraining Te,0 is caused by the com-
bination of Z-Spec’s relatively narrow free spectral range and the
small amplitude of the shift in the SZ null from the rSZ effect. This
plot shows the binned Z-Spec measurements as the black points,
and families of constant y0 as red and blue lines. Different values
of Te,0 are shown using the line styles as given in the legend, which
also lists the χ2 of the fits to the Z-Spec data. As can be seen in
this figure, over the Z-Spec bandpass y0 dictates the amplitude of
the SZ effect, while increasing Te,0 “smooths” the SZ spectrum to
shorter ν, shifting the null slightly. This means that the likelihood
for a low y0, Te,0 combination can be similar to that for a higher
y0, Te,0 pair. This, in turn, leads to the shape of the likelihood
function shown in Figure 7.

overconstrain the allowed range of ICM profiles.
The parameters of the proposed small-scale shocks in

RX J 1347.5−1145 are not well understood; it is neces-
sary to investigate the effect of misestimating their am-

Zemcov et al., ApJ (2012) Erler et al., MNRAS (2019)

Sunyaev-Zel’dovich effect:

Depends on three variables: - Compton parameter

- ICM bulk velocity along the LoS

- ICM electron temperature

ICM temperature: relativistic corrections
change the shape of the spectrum

Relativistic corrections: either neglected or deduced from X-ray

Existing detections of rSZ:

Null-frequency with Z-Spec
Mean ICM temperature 
of a massive cluster

Stacking analysis of Planck clusters
Mean ICM temperature 
of a cluster sample
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RXJ1347−1145: the best candidate to map rSZ

Ideal source to map the rSZ effect for the first time
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ACCEPT data

Mapping the rSZ effect: Instrument selection

Need high angular resolution + large field-of-view

NIKA2 and MUSTANG-2 are the best instruments

Mapping the rSZ effect: Cluster selection

Need a cluster with high-enough declination (NIKA2 + MUSTANG-2)

Need a massive cluster (Compton parameter)

Need large temperature variations (rSZ detection)

RXJ 1347−1145

Most SZ luminous cluster in the sky
X-ray temperature variations from 7 to 20 keV
Intermediate redshift of                     (number of resolution elements)

<latexit sha1_base64="bxTbSTv/FJSGrr3i7B1ig4HFTE4="></latexit>

z = 0.45
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MUSTANG-2 and NIKA2 maps of RXJ1347−1145 
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MUSTANG-2 @90 GHz NIKA2 @150 GHz NIKA2 @260 GHz

High quality data in the three bands: very promising 

© C. Romero

F. Ruppin et al., 
in prep. (2021)

MUSTANG-2:
Observed for 2 hours during commissioning phase
Data analysis with MIDAS pipeline C. Romero et al., ApJ (2020)

NIKA2:
Observed for 24 hours during dedicated Open Time program (completed in March 2021)
Preliminary analysis with standard NIKA2 pipeline            SZ signal is detected at 260 GHz
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Detecting the relativistic corrections to the tSZ effect

Thermal SZ effect:
<latexit sha1_base64="EeXJzW7anx8XZOWfBU7cGWC53D4="></latexit>

�ItSZ(⌫)

I0
= y f(⌫, Te)

<latexit sha1_base64="XwTz4wthrX1Vcimo6rDuGLRG6U4="></latexit>

�ItSZ(150 GHz)��ItSZ(260 GHz)
f(150 GHz, Te)

f(260 GHz, Te)
= 0

(If we know the temperature 
map of the cluster)

Implications for NIKA2:

Experiment: Compute residual map assuming constant ICM temperature across the FoV

Assuming                      in all pixels
<latexit sha1_base64="S70WtiiU5UTckSaDHFWm9t9LOIY="></latexit>

Te = 1 keV
<latexit sha1_base64="vnHmjyjDbzQ6yXGW+0ZExqwQTqw="></latexit>

Te = 25 keVAssuming                         in all pixels

Significant residuals for constant ICM temperature           rSZ is detected
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Conclusions
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Athena Launch2031

Lynx Launch2036

Now2021
<latexit sha1_base64="+pkrfI/wIgWhBcG1Hwq7evoL744="></latexit>

}X / SZ 
decade

Better understanding cluster formation (mergers + feedback)

Mapping the ICM temperature:

Improve hydrodynamical simulations (cosmology)

Current limitations:

Mapping           high sensitivity + high angular resolution
Unfeasible with X-rays at                  with current instruments 

<latexit sha1_base64="QRqleDkmXXtWZgUeKMMvmSpd2DQ="></latexit>

z & 0.5

Solutions:

Joint X-ray / SZ analyses: characterize                  clusters as 
well as we did with X-rays at  

<latexit sha1_base64="yjgkIlMzE6DdqmTjVZH/CsmxY74="></latexit>

z ⇠ 1.5
<latexit sha1_base64="1q+qO3QjSC5Wsh8+Y4N3X6YQbro="></latexit>

z ⇠ 0.5

SZ spectroscopy: rSZ detections will become common in the 2020s
(see next talks + A. Fasano and A. Catalano’s talks on Friday)

Use SZ to map ICM temperature in the 2020s: extend our knowledge of cluster physics


