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Mapping the most massive clusters at z > 1

• Large variations of Compton parameter with time

Growth of galaxy clusters:

Florian Ruppin - mm Universe @ NIKA2

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 1 < z < 2

Analysis of ICM thermodynamic properties at z > 1 
essential to understand structure formation
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Mapping the most massive clusters at z > 1

• Lack of massive high redshift clusters in SZ catalogs

• Use Optical/IR detected clusters
MaDCoWS and IDCS surveys

• Combine high resolution X-ray and SZ observations

Submitted 3 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

Brodwin et al., ApJ, 2015

MOO J1142

IDCS J1426.5+3508: The Most Massive Galaxy Cluster at z > 1.5 3

Fig. 1.— Upper left: Gaussian-smoothed (FWHM = 300) Chandra 0.5-2.0 keV image of IDCS J1426.5+3508. Contours correspond to 0.02,
0.05, 0.1, 0.18, 0.22, 0.24, 0.25 and 0.45 counts per 0.49200 ⇥0.49200 pixel. The location of the core as traced by the ICM peak is indicated.
Upper right: Pseudocolor ACS/F606W, ACS/F814W and WFC3/F160W HST image of the central region of IDCS J1426.5+3508, with
the X-ray contours from the upper left panel overlaid. The giant arc, boxed, is visible ⇠125 kpc north of the BCG (see Gonzalez et al.
2012). Lower left: Adaptively smoothed image of Chandra 0.5-2.0 keV image of IDCS J1426.5+3508, showing the large-scale structure
from which the cluster centroid was measured. The contours correspond to 0.011, 0.016, 0.022, 0.038, 0.065, 0.085 and 0.15 counts per
0.49200 ⇥ 0.49200 pixel. The peak emission in the core is o↵set by ⇠30 kpc from the cluster centroid. Two bright point sources discussed
in the text are indicated. Lower right: The HST image with the same scale and contours as the adaptively smoothed X-ray image.

mass proxy than L0.5�2. Using their scaling relation, we
find M500, LX,bol = (2.8± 0.3)⇥ 1014 M�.

3.4. Temperature

The 0.5–6.0 keV ACIS-I spectra within r2500

(⇠0.45r500,YX ; Vikhlinin et al. 2006) for each OBSID
are shown in Figure 2. This aperture was chosen to
maximize signal to noise, although we also consider a
core-excised (0.15–1)r500 annulus below. The spectro-
scopic temperature was measured by modeling the X-ray
spectrum using a combination of an absorbed, optically
thin plasma (phabs x apec), an absorbed hard back-
ground component (phabs x bremss; kT = 40 keV),
and a soft, Galactic background component (apec; kT
= 0.15 keV). Foreground and background models were
constrained by fitting simultaneously to an o↵-source re-

gion within the same field of view and to the on-source
region. The Galactic hydrogen column density, NH, was
set to the weighted average from the Leiden-Argentine-
Bonn survey (Kalberla et al. 2005). The source redshift
was fixed to z = 1.75 (Stanford et al. 2012). The reduced
�
2 of this fit is 0.95, demonstrating that the data are very

well described by the simple, single-temperature plasma
model. While the goodness-of-fit is excellent, the indi-
vidual parameters (e.g., kT , Z) are not well constrained,
as discussed below.
The average temperature within r2500 is kT2500 =

6.2+1.9
�1.0 keV. This global (not core-excised) temperature,

while not optimal as a mass observable due to inclusion
of the cluster core, is useful for comparison to lower res-
olution measurements from other facilities or low SNR

MOO J2206 MOO J0105 MOO J0319

MOO J1142 MOO J1014 IDCS J1426

Large program of X-ray and SZ observations at z>1:

• Sample of 10 clusters at 0.93 < z < 1.75

- LP with Chandra: 4 clusters observed by MUSTANG2

Florian Ruppin - mm Universe @ NIKA2
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NIKA2 and Chandra observations of MOO J1142+1527

1 - NIKA2 SZ maps and point source contamination

2 - Chandra X-ray map and spectrum

• NIKA2 observations of MOO J1142+1527 in October 2017 during 10.4 hours
• Pointing center: SZ peak found by CARMA (lower angular resolution)

• Weather conditions: quite stable,⌧150 GHz = 0.19
<latexit sha1_base64="/xE+S/X4Z1JGZNqYoYmPg88lPVY="></latexit>
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NIKA2 SZ maps
NIKA2 map at 150 GHz

NIKA2 map at 260 GHz

• Mapping the SZ signal at high significance  
peak SNR = 17 and SNR > 3 up to 1 arcmin from pointing center

• ICM morphology: elliptical with an E-W orientation  
compatible with CARMA results  Gonzalez et al., ApJL, 2015

• Signal contamination from point source East of SZ peak

• Point source detected with peak SNR = 4 
position compatible with radio source found in FIRST survey

At 150 GHz:

At 260 GHz:

• No significant SZ signal detected (expected given noise)

Florian Ruppin - mm Universe @ NIKA2
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Need to characterize radio source contamination 
before pressure profile extraction



Radio source contamination at 150 GHz
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• Known flux densities at different frequencies: 
- TGSS at 153 MHz 
- FIRST at 1.4 GHz 
- CARMA at 31 GHz

• Additional data point at 260 GHz from NIKA2 (source fit)

• Model the SED of the source using a power law:

• Estimate flux at 150 GHz:  
integration of best-fit SED in NIKA2 bandpass

F⌫ = F1 GHz

⇣ ⌫

1 GHz

⌘↵radio
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Prior on the source flux in SZ deprojection analysis
F150 GHz = 1.5± 0.3 mJy
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FIRST map at 1.4 GHz

Radio source SED



NIKA2 and Chandra observations of MOO J1142+1527

1 - NIKA2 SZ maps and point source contamination

2 - Chandra X-ray map and spectrum

• ACIS-I filtered exposure: 40.3 ks        ~1700 counts in cluster region

• Chandra observations of MOO J1142+1527 in February 2017, PI: A. Stanford
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Chandra raw data

Florian Ruppin - mm Universe @ NIKA2
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Chandra X-ray spectrum
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Event list cleaning: CIAO software v4.10 and CALDB v4.8.0 

• Reprocess event list + Remove flares from lightcurves
• Compute exposure map in broad band [0.5,7] keV
• Identify point sources using wavelet decomposition 
• Match blanksky background to count rate in [9,12] keV

X-ray spectrum:

Cluster morphology:
• Elliptical diffuse X-ray emission (similar to NIKA2 SZ)
• X-ray peak at the same location as radio source

0.15R500 < r < R500
<latexit sha1_base64="tvmGxD6JAx4sZQolrZMA6BRHCH0="></latexit>

• Use events in annulus centered on large scale centroid 
with

• Joint fit background + cluster emission: 
Galactic absorption (PHABS) x source (APEC) + bkg (APEC + p-law)



TX = 7.82± 1.61 keV
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Chandra surface brightness profile and temperature

Fit universal temperature profile from Vikhlinin et al., ApJ, 2006

Florian Ruppin - mm Universe @ NIKA2
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MOO J1142 temperature profile
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Chandra spectroscopic temperature

• Mean ICM spectroscopic temperature:

• First estimate of temperature profile:

• Extract X-ray surface brightness profile from event 
list after point source and background subtraction

X-ray surface brightness profile + temperature profile 
ingredients for emission measure profile
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Multi-wavelength analysis: ICM morphology

• Separation between X-ray and 
SZ peak positions: ~100 kpc

• SZ peak close to X-ray centroid

• Bimodal galaxy distribution seen in 
Optical/Infrared by Hubble and Spitzer

MOO J1142 = Massive on-going merger

Florian Ruppin - mm Universe @ NIKA2
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Multi-wavelength analysis: ICM profiles 

1 - NIKA2 pressure profile
2 - Chandra density profile

3 - Temperature - entropy - mass profiles



Multi-wavelength analysis: ICM profiles 

1 - NIKA2 pressure profile
2 - Chandra density profile

3 - Temperature - entropy - mass profiles



8

NIKA2 SZ MCMC analysis

Florian Ruppin - mm Universe @ NIKA2
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• Model: gNFW pressure profile + 2D Gaussian (radio source)

• Find small regions with 3 sigma residuals after best-fit subtraction 
cluster not spherical

• Radio source flux compatible with the expected one (from SED)

Pe(r) =
P0

⇣
r
rp

⌘c ⇣
1 +

⇣
r
rp

⌘a⌘ b�c
a
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F150 GHz = 0.95± 0.13 mJy
<latexit sha1_base64="HjUadcbK9toexz8OAiv/tvfkuCk="></latexit>

• Deprojection of NIKA2 SZ signal at 150 GHz using MCMC analysis

Data Model Residual
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NIKA2 Pressure profile

Integrated Compton parameter from CARMA Y500 = (3.8± 0.5)⇥ 10�4 arcmin2
<latexit sha1_base64="DgqgomK2493VfW1xgZW6lWp7Fs8="></latexit>
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Florian Ruppin - mm Universe @ NIKA2

• Pressure profile highly constrained from cluster center to          (extrapolation begins for                    )    R500
<latexit sha1_base64="mhgJ26e7on8UfKqEjgGPgqOmQjo="></latexit>

• Comparison with universal profile: (Arnaud et al., A&A, 2010)

Pressure profile from A10 using                   scaling relationY500�M500
<latexit sha1_base64="nzwRuYskIkUo9YO/57nMtUrLQF4="></latexit>

Small deviations with respect to A10 profile (single cluster)

r & 800 kpc
<latexit sha1_base64="h3OkTGM/SALgPuxdavPQwVhfQnk="></latexit>



Multi-wavelength analysis: ICM profiles 

1 - NIKA2 pressure profile
2 - Chandra density profile

3 - Temperature - entropy - mass profiles
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Florian Ruppin - mm Universe @ NIKA2

• Deprojection of Chandra emission measure profile using MCMC analysis

• Model: simplified Vikhlinin model for the electron density

• Use parameter chains to estimate uncertainties
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• Emission measure: EM(r) =
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significant residuals at X-ray peak position (expected)
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Chandra density profile
MOO J1142 fitted density profile

• Density profile used to estimate maps of averaged ICM thermodynamic properties:

Effective electron depth:

`e↵ =

�R
ne dl

�2
R
n2
e dl
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• Density profile constrained from cluster center up to R500
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Computed from Chandra 
surface brightness map
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Computed from NIKA2 
Compton parameter map
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Multi-wavelength analysis: ICM profiles 

1 - NIKA2 pressure profile
2 - Chandra density profile

3 - Temperature - entropy - mass profiles



Temperature and Entropy profiles

Temperature profile:

• High temperature core: consistent with merging event (disturbed core)
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NIKA2 pressure profile Chandra density profile

kBTe(r) =
Pe(r)

ne(r)
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• Compatible with constant up to ~700 kpc from X-ray centroid
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Temperature and Entropy profiles

• High entropy core: plateau up to                    (disturbed core)

• Exceptional constraints on the entropy profile at this very high redshift
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NIKA2 pressure profile

Ke(r) =
Pe(r)

ne(r)5/3
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Entropy profile:

⇠0.2R500
<latexit sha1_base64="iDvedx8uCMhiOsBiYyk4j2IwE9g="></latexit>

• Outer slope compatible with self-similar expectation

Chandra density profile
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Systematic effect on HSE mass

Hydrostatic mass profile

Preliminary

• Goal: Estimate systematic effect from cluster merger on HSE mass estimate 

MHSE

500
= [9.3± 1.3(stat)± 3.5(syst)]⇥ 1014 M�

<latexit sha1_base64="rNXIO7TlaxTGJo6fpjJqqNyAuQ4="></latexit>

Cluster merger        increase relative uncertainty on the mass from 15% to 50%
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Joint MCMC 
analysis

• Observation: MOOJ1142 is a disturbed cluster          not in hydrostatic equilibrium 

MHSE(r) /
r2

ne(r)
⇥ dPe(r)

dr
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ICM density

ICM pressure



Content

II - NIKA2 and Chandra observations of MOO J1142+1527

III - Multi-wavelength analysis: ICM morphology 

IV - Multi-wavelength analysis: ICM profiles 

V - Cartography of the ICM properties 

I - Mapping the most massive clusters at z > 1

 Following the methodology of Adam et al., A&A, 2017



Mapping ICM pressure and density
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MOO J1142 pressure map

: Compton parameter map from NIKA2 observations at 150 GHz
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Pressure map:

ytSZ
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After transfer function deconvolution + point source subtraction

`e↵
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: Effective electron depth from Chandra density profile

Density map:

SX
<latexit sha1_base64="goBAAI0UHxZt/M4cgJHKXlHy3Sk="></latexit>

: Surface brightness map from Chandra observations
After exposure correction + background and point source subtraction

⇤(Te, Z)
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: Map of the cooling function
Using mass weighted temperature profile + 0.3Z�
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Mapping ICM temperature

• Low temperature core at the X-ray peak + High temperatures in the south and west regions

Temperature map
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Temperature map: T̄e = P̄e/n̄e
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• Better understanding of temperature profile shape (using centroid)

Additional information on spatial distribution of temperature for disturbed clusters



Mapping ICM entropy
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Entropy map

• Relatively low entropy core at the BCG position + High entropy in the south and west regions
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• Offset between low-entropy core and cluster centroid          consistent with merger activity

Cluster cool core not completely disturbed by merger activity



Conclusions / Perspectives
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• First joint analysis of high angular resolution SZ and X-ray data at z > 1
Large leap forward on the constraints on the temperature and entropy profiles at z > 1

• MOO J1142+1527 = on-going merger although not obvious from SZ signal
Large impact on the HSE mass estimate (not in hydrostatic equilibrium at all)

• Mapping the ICM thermodynamic properties: very relevant for this particular cluster (first time at z > 1)

Find high temperature/entropy regions in the south and west

Future analyses: - Repeat same analysis procedure for the 10 clusters of our program

Florian Ruppin - mm Universe @ NIKA2

- Study evolution of thermodynamic profiles

- Study properties of cluster mergers at z > 1

SZ/X-ray analyses        begin studying high redshift and low mass 
clusters before next generation X-ray satellite is launched



Thank you
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