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| - General features of galaxy clusters

Il - Galaxy clusters: a tool for cosmology and
dark matter (DM) studies

lll - Probes of the intracluster medium (ICM)
IV - The NIKA2 camera

V — Results from the NIKA prototype

VI - The SZ dedicated NIKA2 large program
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3 Generalltles on galaxy clusters

R R S N

Galaxies 3%

Dark Matter 85 %

RaES TR A I

Iomzed gas 12%
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 Galaxy clusters:
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- largest gravitationally bound objects in the Universe

> dark matter dominated

Intracluster medium (ICM):

M ~ 10" — 10" M,
€ [0.004 — 2.07]

baryonic matter content dominated by ionized gas

Powerful probe for cosmology and dark matter study

b=0,2 CMB  b=04

« Constraints on {2, and Q2cpMm = %‘#

If baryonic mass fraction in galaxy clusters r e :ICEI\N/I?Eﬁg: 1

representative of the matter content in the universe g §— ]

8 -

* Tensions between CMB and galaxy cluster Eﬁ; ]

. . . eor -

cosmologlcal parameters estimations ser ]

Mot = (1 = b)Muse SONEOT 0P S N S
0.70 0.75 0.80 @ 0)85 o 0.90 0.95
. . . n g8 m 0.28 38
w=p Must characterize preC|ser the hydrostatic bias Planck 2015 results. XXII. (2015)
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Dark matter constramts from clusters N m
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17~ 382 kpc *

* Observations of shifts between
baryonic matter and DM in
highly disturbed systems

Identification of DM structures

MACSJ0717.5+3745 - 1E 0657-558 (Blet Cluster) |
Credit: J. Sayers M. Markevitch et al., D. Clowe et al. Hot DM Warm DM Cold DM

«=- Constraints on the DM halo astrophysics

* Need high resolution cartography

DM simulation: Credit ITP, University of Zurich

* Comparison between the observed halo
number density as a function of redshift and
outputs from N-body simulations

Observations: Credit:
M. Blanton & SDSS

n =g Constraints on the DM particle mass range Collaboration
* Need observations in a wide redshift range
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5 Multl-probe analy31s of clusters

S ST 2 S BTGB L 7 TR N B .\mw O
Richard et al Lens
MUSTANG + GBT SZE

* Optical:
- Stellar emission of light

- Spatial distribution of galaxies
— Dynamical state of the cluster

> Richness (number of galaxies) and
galaxy velocity distribution

— Estimation of the total mass

20" ~140kpc

° X_ray- Composite image of MACS0744
) Credit: Phil Korngut and Brian Mason

- Bremsstrahlung radiation from electrons of the ICM

— tracer of the electronic gas density Sy L / ?’?,2 Adl
(1+2)%) 7

ICM temperature from spectroscopy — time consuming

* Lensing:
Strong: surface mass distribution in the central regions

Weak (small background galaxies distortion): total mass distribution around the cluster
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6] The Sunyaev Zel’ d0V1ch effecit

Intensity (MJy sr™ 1)
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Wavelength (mm)
10 0.5

s0 F I .

: _ - - * Thermal Sunyaev - Zel'dovich effect (SZ2) :

N ‘
\ .

200 7 R und W Inverse Compton scattering of CMB photons
o : Y on hot ICM electrons

L / \

i 1

I / - .
s0f i « =g CMB photons acquire energy

[/ | \

4 1 ]
20 ; \\ | * Spectral distortion of the CMB

217 GHZ!
i | . ey -

ol n=gp S7 effect is redshift independent

20 50 100 200 500

Frequency (GHz) Frequency
Carlstrom et al. ARA&A (2002) "% oy . : .. ,
A2319'd* - ‘ t' Yor "‘
(Planck) = g Q O » K

"-4“.

NIKA2 frequencies

» SZ effect amplitude given by the Compton parameter:
y < | P.dl ==# Characterize the electron pressure within the ICM

* Study of the ICM via its effect on the CMB
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7 The Sunyaev Zel'dovich effecit

P T S A

* Integrated Compton parameter == Thermal pressure == Hydrostatic mass

* Total mass estimation requires hypothesis:

> Hydrostatic equilibrium
> Dynamics dominated by gravitational processes

Planck Vs MUSIC simulations

Planck
Radiative &
Non-Radiative

n==g Bigas and scatter on the SZ flux — total mass relation

* Complementarity between SZ, X-ray, optical / lensing ok -
— fully characterize the ICM 5 _
S
»n |
* Need high resolution cartography to map precisely :
the ICM structures especially at high redshift Ve
F. Sembolini et al. (2010)
1{:'_5 B | | | L | | |
1 Mass
T 0 7 T T s T R, S sy o S e WS AT T T T 0 R W ™ B SO 0 T 6.2 TR MO T 3™ 8.
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[The NIKA2 camera and its prototype N m
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Planck : catalog of ~2000 galaxy clusters identified by their SZ signal

Planck: PSZ1G045.85+57.71 s

* IRAM 30-meter telescope
(Pico Veleta, Spain)

62000 (degree)

n==» Resolution of|~15 arcsec

57° 25'

30 times better than Planck
resolution (~10 arcmin)

46° 20" 00 45° 40’ 20

Q00 ()
Center: Longitude 45.85 Latitude 57.71

* NIKA (prototype): 300 pixel camera

- 150 GHz
1.5 arcmin field of view * | Dual bandjinstrument:

- 260 GHz
* NIKA2 (final instrument): 3500 pixel camera

n== P |deal for the SZ effect
6.5 arcmin|field of view

n==gp- SZ cartography of Planck discovered galaxy clusters
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| The NIKA2 camera and its prototype N m

Amplitude

Dark KID
[ e llluminatedKID W - —-—-—__
I R —

Frequency

* Kinetic Inductance Detectors (KIDs):
High quality factor superconducting resonators

Resonance frequency shift proportional to the incoming optical power
* Need to cool down the resonators below their critical temperature
nmmPp-T ~ 100 MK < T, ~ 12 K

* KIDs frequency shifts measured at a given acquisition
frequency by dedicated fast electronics
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G000 (degree)
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Well know on-going merger

mJy/beam mJy/beam mJy/beam
30" 30" 2
10 2
44 34' 00" 06 00"
5 . 30" 1 - 30" 1
45 @ O . "
% —— 5 05' 00
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High redshift cluster (z=0.89)
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Point source contamination
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Planck: PSZ1G045.85+57.71 , , s
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Follow-up of a Planck dlscovered cluster N m

XMM: PSZ1G045.85+57.71 counts _
* Planck-discovered cluster

10° 00
29' 00"

% 10 . .
50 R 30 N n=g | ow angular resolution
‘% 45 . g 28' 00" 30
S w) S _* Redshift: 0.61
© 35 0.0 © 27' 00"

30 50 e Cluster already observed

57° 25 -5 29° 26' 00"
46° 20" 00 45° 40 20 15" 18M 265 225 18% 14S ° by XMM (201 2)
o Center: R.A. 15 18 01(25?5%”) Dec +29 27 37.0 PI : M. Arnaud

Center: Longitude 45.85 Latitude 57.71

* NIKA observation of PSZ1G045.

~ Scanning strategy: On The Fly

n=pp- Time Ordered Information

i - Atmospheric noise subtraction

RTINS P 7o A ) 0 Bl K 1 P it T PR BTy T AT 0 T B SO T T T P T A T -

85+57.71 in November 2014:

> 5 h 45 min of observation

> Mean opacities: 0,27 at 260 GHz
0,21 at 150 GHz

— Not too bad weather

> Calibration uncertainties: 10,6 % at 260 GHz
8,5 % at 150 GHz
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NIKA PSZ1G045.85+57.71 mJy/ beam
2

Final SZ map computed by the coaddition
1 of all the scans analyzed at 150 GHz

0+ Residual noise estimation by computing null maps:

800 (degree)

- semi-difference of the coadded
maps from two subsamples

-2 — Residual noise power spectrum

15" 18™M 258 153
Qoo () — Estimation of the noise covariance matrix

Center: R.A. 15 18 19.50 Dec +29 27 37.0

Residual noise mJy/ bzom N01se power spectrum 1
29 —~ 10} v
1 .
3 2| » S/N contours computation
o 28 c
3 00 >
g 2 .. . .
< 27 o SZ pic identified at 7 sigma
1t
29° 26 :
-2
15" 18™ 308 20° o
k (arcmin™)

O (hr)
Center: R.A. 15 18 20.83 Dec +29 27 42.0

S LA AT AT

Florlan Ruppln GDR Grenoble 23 / 11 / 2015



T T TR

L‘13 Modelmg of the ICM thermodynamlcs " m

NIKA SZ map
* Multi-probe analysis of the ICM: < XMM data

\ Planck integrated Compton parameter

+ Main goal: Characterize the ICM by estimating P. (1), ne (1), Te(r), Muase(r)

* Physical model of the cluster thermodynamics

Pressure: Generalized Navarro, Frenk and P.(r) = b—c
White model (QNFW) : (L)C [1 t (L)a} a

All the parameters are free except ¢ (Planck)
Planck intermediate results V. A&A (2013)

Density:  Simplified Vikhlinin model (SVM) :

()] {H(:—S)"T”’“’

All the parameters are free except Y

P T e AR TR AT B P O L A Y T A AT ot S TS T B 6. R T o8

Florlan Ruppm GDR Grenoble 23 / 11 / 2015

Ne(r) = Neo




14 Modelmg of the ICM thermodynamlcs _ N m

R S AN LA T T MR Sy T

* Markov Chain Monte Carlo analysis (MCMC)
* Metropolis-Hasting algorithm

Efficient sampling of the parameter space

T

"‘ - "'\ " ~\ ’ s'—
S E TN * Parameters set: {—.Po Tpidle0,Tc,T's, B, &
',"’“ '\\ \ \~-' - l~.-'v—__ ——_I"
[ -~ ..
- o S
. 32 Fd 7& A 3D \ .
: { Simulated SZ flux map
| I ] am . .
- | = - Density profile
B Mo i
! [T BER] ik T 032 o3 O3 038 \ . .
- " " , * Comparison with the data
I - ' - j Z(model|data)
g ComEmRn omeeme ISR SN
| | 1 { oS
(L] 1 Hf 4 : A \
S RN ’ - s,
: T u. T T T & N ; pm:mmmumum P~\~
R A B oy i e N
PTG ; [ g - I
o ‘ w :‘ s L ‘ , 0 I
Ryoomme  mememesm mEmeww vt T WEEEET wwew /
Pressure
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Modeling of the ICM thermodynamics [N[|t¢:¥4
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* Maximum likelihood: pressure model '"==B SZ brightness map model

Data mJy/beam Model mJy/beam Residual mJy/beam
30" 2 30" 2 30" 2
29' 00" 29' 00" 29' 00"
30" ' 30" ! _ 30" '
f g :
5, 28' 00" 5, 28' 00" — 28' 00"
3 | 0.00 ] 0.00 ] 0.00
3—; 30" — Eé 30" — 3; 30"
© 27' 00" «© 27' 00" © 27' 00"
-1 -1 -1
30" 30" 30"
[
29° 26' 00" () ) 29° 26' 00" ) 29° 26' 00" )
15" 18™M 308 208 15" 18™M 308 208 15" 18™M 308 208
Oamo (Or) Oz (D) G0 (D)
Center: R.A. 15 18 20.83 Dec +29 27 42.0 Center: R.A. 15 18 20.83 Dec +29 27 42.0

Center: R.A. 15 18 20.83 Dec +29 27 42.0

* No apparent substructure in the residual

* Deviations from sphericity are consistent with residual noise

2
* Reduced X is good

n==pp- | PSZ1G045 well described by a spherical model

N TR AR L AT
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16) Mass and dark matter fraction profiles N m

B TSR 7 TR A 2 T

1500 . epap s
e i S E * Hydrostatic equilibrium
R e . — mass profile:
w ; —-'~
% 10" : E
: z z 2 Pe(r)
E _ i MHSE(T) —Tr ”-;Z, (’]")‘ d;‘—
@oz 1015:_ : = ‘ ~€ ’,
% : : NIKA Pl k KMM E o
g 1 * Characteristic radius:
® 10" i E
= Rs00 = (956 + 62) kpc
é MM @ kp.:
10 500 1000 1500
1 2 3 - 1.07 T T '
arcmin iRl :
Distance from X-ray center (arcmin) e
. DB_ -h-h"-_h %‘—\—‘r‘-\_\_%_ __h_h_h__'“--—,__ —
* Integrated hydrostatic mass: i i T "
0,96 — IR - -
Mpyse,s00 = 4,617033 x 101 Mg, Eosk : T
g ! : e '
* Integrated Compton parameter: & | . T
0,80 Z 0T T N
Yisz(Rs00) = 5,157 73 x 10~ arcmin® ol :
Dark matter fraction profile 0.2 l ]
w==pp | Baryon to DM ratio fairly constant ool . - T N Plonck 4 XM
within the virial radius 1 2 5 4
Dlstance from X-ray center (arcmln)
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1af | i .PSZI ] | .
i v i i g PSZ2 * 300 hours dedicated to SZ with NIKA2
— 12F i : | A XMM LP
£ 10‘__5_“. _______ . ______ ] * Observation of ~ 50 clusters:
Q . . -
5 gb i, b v A 1 - 2redshift bins
o Fh.  ees T /’@\ - wide range of masses
I | (\\’\‘&/ -
s Piw iy 2 1« Pr based on the Planck and ACT catal
Boap e | : ogram based on the Planck an catalogs
2 'ﬂ ___________ 1' ___________ _____ ) Crodit B Comis'; « Combine NIKA2 data with other probes to
o3 q|ly characterize the selected clusters
0.6 0.8 1.0 1.2 1.4
z

* Aims: - Study the redshift evolution of the scaling law relating the SZ flux to the total mass

- Characterize the evolution of galaxy clusters dynamical state with redshift

- Study the impact of non-gravitational processes on the total mass estimation

w==g- Constraints on galaxy cluster formation and dynamics — Dark matter study
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Several unknowns in the dark matter driven large scale structure formation scenario:
- Properties of the dark matter halos

- Influence of non-gravitational processes in the ICM

NIKA have proved to be a well suited camera for SZ galaxy cluster observation.

Detailed cartography of the pressure distribution in galaxy clusters

First light in NIKA2 in October / November 2015 — ready to start NIKA2 SZ observations in 2016

Multi probe analysis of NIKA2 SZ large program selected clusters
— better understanding of the mass distribution in the Universe

mJy/beam
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DM self-mteractlon
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Simulated merger dynamics with self-interacting DM

* 2 main parameters:

- relative importance of kinetic versus gravitational

- effective DM-DM particle scattering strength

parameter q ~ T2 ][
mpm

Y, Mishchenkol and C-R. Ji arXiv (2015)
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Cosmologlcal probes
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1 SZ+BAO

Te!
<[ mm cvB
EEE CMB+BAO

CMB+JLA

-1.0

-1.5

<
Al
| I

0.15 0.20 0.25 0.30 0.35 0.40
Q2

m

* Analysis of the CMB temperature anisotropy power spectrum

— Cosmological parameters

Degeneracies !

— We must combine a large number of cosmological probes
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22 PSZ1G045 coadded map at 260 GHZ N'

29 |
0 * Coaddition of all the scans
E’ “ analyzed at 260 GHz
d
26° 26" Residual noise mdy/beam

15" 18M 30 208
Oz (D)
Center: R.A. 15 18 20.83 Dec +29 27 42.0

* The observed structures are
consistent with residual noise
(null map)

600 (degree)

n=p | We focus on the 150 GHz SZ map

15" 18™ 30° 208
Qa0 (Dr)
Center: R.A. 15 18 20.83 Dec +29 27 42.0
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