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Starting from primordial fluctuations

The Universe 3 380000 years after the blg bang (z ~ 1000
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A very homogeneous Universe, with tiny fluctuations
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From large scale fluctuations to galaxy clusters

(ww.multigarkorg)” ' » The primordial fluctuations collapse
‘ In the expanding Universe
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From large scale fluctuations to galaxy clusters

[www.multidark.org] ' » The primordial fluctuations collapse
| -.. In the expanding Universe

 To form clusters: the largest
gravitationally bound structures

Ngalaxy ~ 50 — 1000
Mo, ~ 10 — 10" M
[ ~1 Mpc

31Mpc/h Bolshoi’

Galaxies
3%

Filaments

\ Cluster
@

Galaxy clusters are peaks in the matter density field
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Cosmology with cluster counts

Survey detection Model
\ J
dN d* N
— = [ x(2, M) dM
/
Selection function Mass-obs. relations
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Cosmology with cluster counts

[Vikhlinin et al. (2009)]
R | USRI N

-06 F =

07 e ‘ Survey detection Model

0.85— l _g \ J

dN d*N

Y e L 3 = M dM
s s dz ;C(Z’ )dsz N

-12F =

-14F =

Selection function Mass-obs. relations

Dark energy parameter (w)

-15 E =
E oo by ooy o by oy b oy by oy oy 3
0.60 0.65 0.70 0.75 0.80 0.85

Matter density parameter (2)

Sensitive to geometry, dark matter/energy and gravitation

Key ingredients: mass + observational properties
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Multi-wavelength view of galaxy clusters
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Multi-wavelength view of galaxy clusters

Optical & infrared: Galaxies (~ few %)
e Galaxies |
)
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Multi-wavelength view of galaxy clusters

Optical & infrared:

e Galaxies
)

)

Dark matter (~ 80%) 5
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Multi-wavelength view of galaxy clusters

Optical & infrared:

e Galaxies
)

)

Thermal gas (~ 15%)

X-ray:

* Bremsstrahlung thermal gas emission
= Gas density

= Spectroscopic temperature (~108 K)

= Mass from hydrostatic equilibrium
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Multi-wavelength view of galaxy clusters

Optical & infrared:

e Galaxies
)

)

Thermal gas (~ 15%)

X-ray:

* Bremsstrahlung thermal gas emission
= Gas density

= Spectroscopic temperature (~108 K)
= Mass from hydrostatic equilibrium

Sunyaev-Zel'dovich effect:

* Inverse Compton (e-+ CMB)
)

= Line-of-sight gas momentum
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Multi-wavelength view of galaxy clusters

Optical & infrared:

e Galaxies
)

)

Cosmic rays + B field

X-ray:

* Bremsstrahlung thermal gas emission
= Gas density

= Spectroscopic temperature (~108 K)

= Mass from hydrostatic equilibrium

Sunyaev-Zel'dovich effect:

* Inverse Compton (e-+ CMB)
)

= Line-of-sight gas momentum

Radio (+ y-rays):
* Non-thermal emission (+DM?)
)
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Multi-wavelength view of galaxy clusters

Optical & infrared: Galaxies (~ few %) .

e Galaxies Dark matter (~ 80%) -

- Thermal gas (~ 16%)
Cosmic rays + B field

- "

X-ray:

* Bremsstrahlung thermal gas emission
= Gas density

= Spectroscopic temperature (~108 K)
= Mass from hydrostatic equilibrium

Sunyaev-Zel'dovich effect:

* Inverse Compton (e-+ CMB)
)

= Line-of-sight gas momentum

Radio (+ y-rays):
* Non-thermal emission (+DM?)
)
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Multi-wavelength view of galaxy clusters

Optical & infrared: Galaxies (~ few %) .

e Galaxies Dark matter (~ 80%) -

- Thermal gas (~ 16%) . °
Cosmic rays + B field

- .

X-ray:

* Bremsstrahlung thermal gas emission
= Gas density

= Spectroscopic temperature (~108 K)
= Mass from hydrostatic equilibrium

Sunyaev-Zel'dovich effect:

* Inverse Compton (e-+ CMB)
)

= Line-of-sight gas momentum

Radio (+ y-rays):
* Non-thermal emission (+DM?)
)

Huge complementarity from different wavelengths
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Shaping clusters observables with astrophysics

In surveys, observables are used as mass proxies
Perfect population At 1st order, they are fully determined by M and z

log Obs

log M
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Shaping clusters observables with astrophysics

* Gas stripping

In surveys, observables are used as mass proxies
At 1st order, they are fully determined by M and z

AGN driven cavities

But rich astrophysical processes are at play
» Mergers / Shocks / turbulences

Dark matter / hot gas / galaxies interactions

Feedback from compact sources (AGN, SN)
Particle acceleration

Shock/cald front in
the bullet cluster

W

[Markevitch (2010)]
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Shaping clusters observables with astrophysics

In surveys, observables are used as mass proxies
Perfect population + 7 At 1st order, they are fully determined by M and z

True population +, ¥

7 But rich astrophysical processes are at play
» Mergers / Shocks / turbulences

« Dark matter / hot gas / galaxies interactions

» Feedback from compact sources (AGN, SN)
 Particle acceleration

log Obs

bias? scatter? Affecting the observables

redshift evolution? Morphology, substructure |
¢’ + » Gas thermodynamics (pressure, density, ...)
-+ Non-thermal pressure from cosmic rays

Galaxy colors

log M

Very rich physics, to be controlled for cosmology
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Outline

1. Clusters of galaxies as cosmic laboratories

2. Mapping the hot gas in the millimeter & X-ray

3. The quest for cluster cosmic rays in the y-rays
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A key observable, the Sunyaev-Zel’dovich effect

The SZ effect is the inverse Compton scattering of ycms + e-cluster

v < 217 GHz v = 217 GHz v > 217 GHz
- »> ' 4
N | @
Alisz x f(v) / P.d/ : 2ok
’-........ .

 Brightness independent of redshift
 Sensitive to thermal pressure S

 Closely tracks the total mass —

gl e IKA2 ...................................
150GHz 260GHz

50 | 100 200 400
Frequency (GHz)

Excellent probe for the hot gas in distant clusters
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Cluster cosmology after Planck

e Detailed study of nearby clusters
[Planck V, VIII, X (2013)]

: N
e All-sky catalog (1653 objects) & map o F ' ' ' ' ' .
[Planck XXIX (2013), XXVII & XXII (2015)] <
» Number count constraints < e W)
[Planck XX (2013), Planck XXIV (2015)] g - == SZa+4BAO (CCCP)
SZa+BAO (CMBlens)
=
=i b=04 i
CMB & clusters & hydro sim in tension
Astrophysical mismodeling? % B | .
Missing physics in simulations? In ACDM? o tﬂcreasmgb_
Statistical fluctuation? © Mass bias
8 | b=0 l
o

025 030 035 040 045 0.50 0.55
Q

m

Need for resolved observations up to high redshift
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NIKA2: the New IRAM KIDs Array 2

KID detectors arrays ~ Dilution @
150 & 260 GHZ 3 ’ - ;’: i=‘=-_i"il$ ‘—J E s
,:;ﬂ.;:;m---::zg:?'v\ &) 4 ‘ ; ” |

-----
-----
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[NIKA collaboration (2018)]

Excellent for resolving distant clusters
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M50 [Mg)]

The NIKA2 guaranteed time SZ large program

‘ ° Planck * High resolution observations of 50 clusters
° o REXCESS » 0.6 <z2<0.9, Mspo> 3x1074 Msun

1015 i

* Planck/ACT tSZ selected
» representativity

« Combinaison to XMM data
» Full thermodynamics

d2N / dz dMsg [Mg ]

10 18 300 hours of guaranteed time

» ~10 clusters observed so far

000 025 050 075 1.00 1.25 150 1.75 2.00 + * NIKA pathfinder validation program
[Ruppin et al. (2019)] » 6 clusters in various configurations

V/

In depth population study of the ICM:
» « Redshift evolution of the ICM properties and scaling relations
* Dependence on cluster dynamical state
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A first look at the data

CLJ1227 at z=0.89

mdy/beam mdy/beam
30"

34' 00"

30"

33" 00"

30"

800 (degree)

0.00
32' 00"

Sub-mm source

30"

339 31' 00" .

h
12N 27™M 053 (h2)6m 55° [Adam et al. (2015)]
2000 r

Sub-mm and radio galaxies can bias the SZ signal
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Cleaning the ‘contaminant’ galaxies

F, (mJy)

Dust + radio synchrotron fitting Strong impact on the morphology...
i - g::ctl—Fit ‘ond 68%‘ C.L. | Tw/(1+z)ﬁ:ﬂ1z,::55i/+_/6,fé1i | ] Ry SO ‘Q - » Point'source 5@f0;Ped > v
100.0? ) Vew = 816 +/— 18 GHz

10.0 &

u

1.0 =
0.1 ;//
BE1L O E ... and the pressure profile
= _8 E o = o [J ¢ = ‘ ‘ T T T T ‘ ‘ [ B B
BN 3 1.0000 [ 3
100 1000 o ]
A (um) 2 ; |
g 0.1000 2 o :
[Adam et al. (2016)] g ;
o 0.0100: :
o 0.0010 :
¥ Sources ignored iy
i Sources removed :
0.0001 . e A
100 1000

Radius (kpc)

It is crucial to account for contaminant sources
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Gas temperature from X-ray+SZ imaging

e Temperature fundamental for astro & cosmo A+ Plancics XM (no spectro) -
- Mass calibration L3 OO emy (vn spectie) -
- Cluster dynamical state ]
e Systematics in X-ray spectro. + challenging at high z

= kgl = Pe/ne
tsz”” ™

n
T

o
T T T T

Temperature (keV)

n
T T T T T

X-ray
, [Adam et al. (2016)]
* Independent cross-check of X-ray spectro. T e
= Done in 1D and 2D Radius (kpc)

keV

25

107 keV/cm®
tSZ pressure
(NIK/

20

ot gas be
[Adam et al. (2017)] @ merger

Excellent to obtain the temperature at high z
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Direct mass measurement from X-ray+SZ

Density (cm™)

Pressure (keV cm™)

r dP.(r)
—_ P C(
Mysg(r) = 1
| gasMhe () r
0.1 OOO§ * This work (best—fit) E
F XMM
L CXO0
QO100§
C T T il
i |
L 15 | NIKA+PI k+XMM tro. i
0-0010 g 10 c ° XMM onI(;/n(Ewith spef:?r?o.)s)pec ©) :
i - < CXO only (with spectro.
i X-ray |
0.0001 i
1oooo;‘ S I + ;8 i
B . i ] SZ ~ 1 014 = :
n C
i 0 !
0.1000 O |
F E I
i L :
0.0100 ¢ (£ 1013 |
g - i
f |
0.0010 ¢ - 1. |
g |
: A 12 X-ray: 34 hi
00001 . . .. N 10 | il i

| TR |
100 1000
Radius (kpc)

= Access to the mass, the SZ flux, and the cluster dynamics (morphology)

100 1000

Radius (kpe)  rAdam et al. (2016)]

In depth study of SZ-mass calibration available
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Implication of substructures on the SZ - mass
scaling relation

70°18'00" | ' !
2.4
11.8
T {12 E
s 16000" | 3
3, 10.6 ‘E
S o = =
S ?
N 100 g
5 =)
5 106 S
S 1400” | ®
= o
S 8
o -12 5
n
*66 —-1.8
ee?
1200 O —2.4

6h48m20s 00s 47m40s 47m20s
Right Ascension (J2000) [hr]

Strong impact of inner
structure on SZ-M relation

* |dentification of disturbed region
» induces significant deviations from the

‘universal profile’
» boost of the SZ flux by >60%

1073

—— Planck scaling relation
- Planck sample
K1 PSZ2 G144.83+25.11 with mask
1 PSZ2 G144.83+25.11 without mask

1074

E,2* D2 Y00 [Mpc?]

S
[Ruppin et al. (2018)]

1615
M358 [M]
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Cosmic ray and dark matter in galaxy clusters

'Radivd: diffuge = 8 X-raysﬁ*‘S%ocks o
- synchrotron .- .| * , - '-and turbulences in * Alot of dark mattler. ("‘_80 /o)
(unclear origin) eeay iy the theérmaligas » y-ray from annihilation/decay

r b » Test the nature of dark matter

« Galaxies (~few %) + thermal ionized gas (~15%)
» y-ray from particle acceleration

- » Understand CR physics at the clusters scale

| CRple 4’ gas —> e+/ n°/+/

o radio synchrotron, Y;
e -

x

Cosmic ray physics can be constrained from y-rays
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The Cherenkov Telescope Array

. @

0.1 km? “light pool”, a few photo

From ~20 GeV to 200 TeV y rays
Sensitivity down to ~10-12 erg/cm2/s in few hours
~3 arcmin angular resolution above 1 TeV

Expected to start observations in ~2022
[https://www.cta-observatory.org/]

CTA Key Science Project: Perseus cluster
to be observed for 300h
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From energy injection to y-ray emission

[Pinzke (2010)]

Energy sources:

Plasma
processes:

Relativistic

particle pop.: -

‘Mag. field + e*"- CMB +et-—>y

Observational radio synchrotron IC: hard X-ray & gamma-ray
diagnostics: emission gamma-ray emission emission

Particle acceleration, and y-ray signal, is expected
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Modeling the gamma ray signal

profile

Rso0

,10—8

—
<
N

Target thermal gas
- Gas density and pressure profile from external data

,10—9

—
<
w

CR protons
- Power law spectrum (slope ~2.3)
- Radial density profile including possible diffusion
- Normalization using CR to thermal energy ratio

,10—10

Gas density profile (cm~3)
o
L

CRp density profile (cm™3)

—
<
w

,10—H

10-6

101 102 108 104

CR/gas interaCtions Physical radius (kpc)
+ - 1o, e+, and y production rate using
* Volume integration and normalization

9

Example of spatial and spectral templates

B CTA
W Fermi

10—9_

Computing gamma ray observable
 Spatial template
« Spectral template

Esz(ZiASIdt (GeV/cm?/s)

10—10 i

10-1 100 10! 102 103 104 10°
Energy (GeV)
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Search for y-rays towards Coma with Fermi-LAT

L

'Coma.'-massi\)e,- nearby, giant radio halo,
and minimal background

: s ——ngm 2Ty

M)

TS

Dec (J20(

rs, claimed detection

] ]
193.8

Claimed detection in the direction of Coma
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Search for y-rays towards Coma with Fermi-LAT

(work in progress)

The signal would imply a CR to thermal pressure of few%

» fine with model expectations
» consistent with the multi-wavelength morphology

: — : 5
FL8Y J1320.5+3314 4+ PS J1244.8+3322
FLBY J1321 ,9.1;51’1_‘6;{\1}13},1‘-,(_75'3;’}}118\( 11257.8+3228
™ —_ Best-fit
_ ¥ Fermi
FL8Y J1250.8+3117 - 4 10712 4
FLBY J1316.6+3013 PSJ12
PS 11326/ 0% 2934 +2941
T FLBY J1253.9+2928
P— N'_'
3 5 £
[} g
— Q
E S (S
— 2, 10_13 7]
2 A = 1-°
b B
o~
w ,5'_\, 8
1 -
FLBY J1310.6+2449 ! 1[~2
+FL8YJ1303 0+
FLBY J1314.7+2348 | ® - 1 Lo » T
~ ] Ucr/Utn(%)
y
FLBY J1321.1+2216 / 2 =T — — —
1071 100 101! 102
0 Photon energy [GeV]
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Search for y-rays towards Coma with Fermi-LAT

(work in progress)

The signal would imply a CR to thermal pressure of few%
» fine with model expectations
» consistent with the multi-wavelength morphology

: 5
FL8Y }1320.5+3314 =K PS)1244.8+3322
FLBY 1321 .9qggflg_p}13}}095‘?2}}{L8Yj1257,8+3228
32° —+ =t — Best-fit
- 4 Fermi
FL8Y J1250.8+3117 - 4 10712 -
FL8Y J1316.6+3013
30° oy o
PS J13728.0%2934+294]
+ T FLBY J1253.9+2928
3r— & .
O 2 ! ) S
Y 28 s FLBYJ1256.6+2741 }‘2 % 10-13 J|*°
0 3F ] " 1 slopecrp iy L
S
o~
W

26°

FL8Y J1310.6+2449
FLBY ]1303.0+2434

FL8Y J1257.6+2413
[+]
24 FL8Y J1314.7+2348 | +

2® ] ' :
1 e -~
107 5 Ucr/Utn(%)
4 N 3

1071 10° 10t 102
0 Photon energy [GeV]

AT ST FLBY J1254.5+2210

22° sl ; :
200° 195° 190°

But accounting for a potential point source drastically reduces the significance

Fake detection due to point source contaminant?
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Simulating the expected signal with CTA

(work in progress)

» VHE y-rays from atmospheric Cherenkov imaging
» Great angular resolution + wide energy range: key to disentangle cluster from AGN

» Perseus to be observed 300h as a key science project [CTA consortium (2018)]

—— 68% CL, fixed CRp slope

0.05 < E <100 TeV T e
oA

Fermi

43°00'
¢ Recovery

\‘
\u
~

42°30'

> ..
2 ~.
o -
B

.

00’

Dec (deg)
Significance (o)
2 aN 2
E’ e (GeV/cm?/s)

CRp slope = 2.2
Ucr/Uin(<Rs00) = 1%

41°30"

10710 -

00!
Peaked model
1030 ; Include background + point sources
52°00' 51°00' 50°00' 49°00' : ; . : T T —
107! 10° 10! 10° 10° 10* 10”

R.A. (deg)
Energy (GeV)

Major step in understanding CRp & non-thermal
physics expected with CTA
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Outline

1. Clusters of galaxies as cosmic laboratories

2. Mapping the hot gas in the millimeter & X-ray

3. The quest for cluster cosmic rays in the y-rays
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Summary

Clusters as cosmic laboratories

« Clusters are very rich environment NIKA2 SZ observations
« Cosmology & astrophysics » Resolved observations of the SZ signal
. Astrophysical processes to be modeled « Many results from test case demonstration
for cosmology . Multi_—wavelength ar?alysis proved powerful
« The CMB/cluster tension remains unclear » Ongoing observations of 50 clusters
» Unique environment to study the DM-baryons * In depth study of the gas physics
co-evolution » High z SZ-mass calibration will be available

Cluster physics in the y-rays

* Unique view on non-thermal physics
e Clusters are cosmic calorimeters
 Possible Fermi detection, but still unclear

 Observations with CTA

« CTAis now under construction
» Perseus will be the prime target
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cherenkov telescope array



