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Galaxy cluster cosmology

Planck SZ cluster catalog from 2015

Galaxy clusters provide precise knowledge of
several cosmological parameters in many
independent ways, for example:

number counts and angular clustering
velocity measurements (direct and pairwise)
baryon fraction, Da from XSZ, triaxiality, etc

high-res CMB power spectrum/bispectrum

Current constraints mainly
come from cluster number
counts, where the errors
| . are dominated by mass
| @ calibration uncertainties

WMAP

Cluster : Chs
uster
abundance growfh

\WMAPS

Huge potential for
future improvements

BAD
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Galaxy clusters for astrophysics

Shack trant

Marcowith et al. (2012)

Upstream

Hoo e
Distance X

Matryoshka simulations (Miniati 2014)

Hitomi collaboration (2017)
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Our toolbox: 3 favours of the SZ effect

kSZ effect to measure the
cluster peculiar motion
(pairwise or individually)

tSZ effect for cluster . _
detection and primary I ;
characterization

KineicS7ZE ------ e
T'acrma. SZE

Iy
'

200 400 600 BLO 1000
Frequency (GHz)

.
«— N[
\

rSZ effect (or, the i
relativistic tSZ effect) |
to measure cluster
temperatures

Al - AIO keV “VL"";’SC‘

L :

W o SR
Image:-ACT m
g K - .‘-_"_:_._t )_h_r M L{ :

Frequency (GHz) > , TR,
SALSTEY SHE) collaboration™™
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Outline:

APEX-SZ: past result

Deaclnabon (J2000)

highlights and
what’s new?

obtut Kaustuv Basu (Uni Bonn)

from AP

High-resolution SZ:
astrophysics from
ALMA to AtLAST

Mach number

B00 200 1000
shoc« racius (kpc)

CMB in Germany, Jan 2018

B-54

-X-SZ to CM

Our current focus:
CCAT-prime and its
unique SZ science

A {mbyedmes Benr )

Separate tSZ, kSZ,

& rSZ from dust for
Individual clusters

16 1.9 2.2 g 16 24
Yogo (10° Mpc) T, (keV)

MPA, Garching




The APEX-SZ camera and its results

Targeted observation of 40+ clusters and some ~1 deg? fields

~200 element TES array with roughly 0.5° FoV (operational between 2007-2010)

See: Halverson et al. (2009), Nord et al. (2009), Reichardt et al. (2009),
Basu et al. (2010), Bender et al. (2016)
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Multi-frequency SZ imaging from APEX

Measurements on Abell 2163 (Nord, Basu, et al. 2009)

APEX-SZ (150 GHz

)

R SFTNFSS A 1 (M5 ar')

O Z34.03 244.C0 24393 2330 293 5% 2
Ra [TCE)

200 30c ~QL ooc
[ ZULER Y {3512) rTrTTTTTTTTT)

.. Measured velocit'y

/=140 £ 460 km/s

I

b

J . Without APEX
" (LABOCA)

DECUNG™ 2N [[56]

The only SZ
Imaging done
by LABOCA

|
Central Comptonization yo/10-4

3 1
...........................................

1000

Bulk velocity vr (km/s) k

n N _CICA Eear

.
=2 s Ll o o g

KL RN T 21050 L8
MIGH ASThSUN LR
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APEX-SZ new: Y-M scaling relations

+ A complete (30 clusters) sample from ROSAT (Positive) correlation in the intrinsic scatter of Lx and Ysz
+ WL masses from WFI data (Klein et al. in prep.)
3, o, e A. Nagarajan,.. KB.. et al.

¥ (submitted, in arXiv soon!)

ﬁ . 4 -..-
L | a6 My + Selected
l . Mol selecled
i ii L - <
i

11 16 ¢ 0t 083 11 0.5 OJ KR!

Mass [10°¢ M

r=1(.9

— Selectad
Mol seleclsc

— - )

From APEX-SZ data alone: r = 0.4710-24 l

Yoz 107 MPC

B —-0.35
10"
Mra (M ] g orl g Ca 1 .C e ounts pasea
on Y-M scaling from 5000 to 21000

Mass [10" Mg
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APEX-SZ new: Pressure profiles

A. Mikler et al. (in preparation)
Constraining the shape of the outer pressure profile

A single cluster (Abell 2744)

\‘ ~ Applying Planck

[ APEX-SZ
APEX-SZ + Planck

107>

N
Ly
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=
o
©
n
o

\ APEX-SZ only

I
Ln

C\ APEX-SZ + Planck

>

Vo
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o
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S~
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S
>
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)
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pressure outer slope

o

AT (i CMB)

%90 o5 o0  os 10 1s 20 | Sjigelyle f”te”ng to remove
pressure concentration | ' atmospheric noise

0.01 n1n ‘

scaled radius (R/Rso0) | o R (sromin)
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High-resolution SZ: shocks & cool-cores
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Right ascension (J2000)

- ALMA and other instruments are opening up the high-
resolution frontier of SZ (see Tony'’s talk).

« We measured with ALMA a shock in the outskirts as well
as gas cuspiness at the central region for high-z clusters.

-
- - E

. W
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SZ shocks by ALMA and others

The first radio relic shock in SZ
(with Planck): Erler et al. (2015)

Relic shock in El Gordo: Basu et al. (2016)

Complon—y

Declinalion (JZ2C00]

13" 12"58™ 12"s¢™ 254" 200
Right Ascersion [J2000)

16:00 0

500

7.000

ano0n

18:00 0 §

5.0 1:.03 00.0 5E.C SC.C 45.0 22:400
Right ascens on k2200
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SZ shock in El Gordo (z=0.9)

shock radius (aresec)
} 100 120 140

Shock molion
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Basu et al. (2016)




SZ shock in El Gordo (z=0.9)

ALMA SZ data alone points to a weak shock: EYERRRE:
ALMA SZ only '

(with a mass prior) JRSCYAUS UGN s R (e[ [ &S d fel g [] 9

For El Gordo the discrepancy is likely due to IC emission
For Bullet a similar discrepancy points towards e-/ion non-equilibrium!

P (107 ke om™)

‘keV em”)
0.002 ¢.011 0.017 0.024

& 1 / \ 4

JApstream pressure
P 0.00g

£4) 830 380 90 $§ 10 15 20 2570 °.5 20 25 3D
Ehozh radiua (¢pe P (107 kev em?) Mach

Mach number

"561.020222426 20
" (10 ‘em”)
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Large aperture single dish: GGATH256-m) AtLAST

/\
) CCAT beam @ 150 CHz
@ 350 GHz

CCAT’s Angular Resolution andfthe Bullet Cluster
rolor icale, blue contour: X-ray (Rees<e
white contour: lensing projected mass (Clowe et a). 2006)
Rew =5.96" (Maughan et al 7008)

Figure by Mroczkowski and Feese

100 1000
v (ke

LWCam + SWCam

Coma clusterat z = 0.1 1" ~ 100 kpc

20C 400 500 S00 1000
R (kpc)

4

Temp profile predictions by Morandi, Cui, Nagai, and Sayers
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tSZ power spectrum

/)
- ;// qu

ek

1040 1O

@ Planck
® SFT
o ACT

_.Need.accurate. modeling and

~N

‘. Subtraction of dust power
|
|

I
I -
I from sub-mm data

Prmary CMB —+

Forcground: -

ISZ (rOm, SPT we—m
1SZ from CCAT wewesm

CCAT (25 m)

pressure profile slope

PEPS ST A A S

0
pressure profile evolution

Ramos-Ceja, Basu et al. (2015)

Hydro sims: McCarthy et al. (2014)
Different AGN feedback models
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tSZ power spectrum

R -Ceja, B l. (201
Dolag, Komatsu & Sunyaev (2016) amos-Ceja, Basu et al. (2015)

o nck .
Sirnula.ion (ISZ)
—--= Simulation («52)
Analytic Modelks:
Tinker (2
linker (2U

_[.v y

local universe

CCAT (25 m)

pressure profile slope

PR SRR N SR

0
pressure profile evolution

" tSZ-CIB correlation is degenerate
with the tSZ (and kSZ) power —
external data/model is required

03 04 00 01 02 03 04
tSZ-CIB correlation George et al. (2014)
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CCAT-prime

© 6 m diameter sub-mm telescope St
e Wavelength range 3 mm up to 0.2 mm o
o FoV at 3 mm up to 8 degrees f
e Key cosmology/LSS science: wide area o
cluster SZ survey + a deep C+ IM survey

R 2T T SRR Vil

8.8°%8.8° sky area simulation
(Credit: K.Dolag/Magneticum sims)
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CCAT-prime tSZ survey predictions

Figures from N. Gupta, Masters thesis (Gupta, Basu & Porciani, in prep.)

Experiment A\ Aoy

COAT mit
SET limit

Fiducial survey

Counts(Yspu, ) 0.021 0.017

et oeezensnf m F0.078 0013
Clu.:lcrmg( - ) . —N.063 —0. l'l-ﬂ?)
Counts(Ysap0, #z) + Clustering(z)  0.021 0.016

CCAT + Planck + other 0.008 0.009

Counts (Yuu. z) + HST + BEBN

0.00 D25 050 0.7 Ciugiering () + 2l + B

Fiducial values

A CCAT-p fiducial survey
of 4000 h, 1000 deg? will
detect roughly 2000
galaxy clusters at 2mm

\.\*
1’3\
\
v

2.0, 9, G,

o CCAT-p survey, without Planck CMB priors, will
constrain og to 0.6% and 0.7% accuracy for constant
and varying DE. wo is constrained with 7% accuracy.

© Even for a 1000 deg? survey, some cosmological
parameters will be better constrained than by eROSITA
thanks to the low scatter Y-M scaling.
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Requirement for SZ spectral analysis

Wavelength (mm)
1

30 44 70 100 143 217 353 545 857

tSY, Mittal, de Bernardis, Niemack (2017)
kSZ/107!

rSZ

total SZ

spatial noise

spactnaPnoite

y

Lolal noise

L.
L

r—
—_
:‘_
—
.

Y r
!/

bl

CCAT-p sensitivity is on average 5 to 15 times better than Planck (angular resolution ~6 times better)
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rS/Z: State-of-the-art and CCAT-prime

Erler, Basu et al. (arXiv:1709.01187)

With current Planck data, roughly 2.30 significance detection of
cluster temperature is obtained after stacking 772 clusters.

With CCAT-p the temperature of a single massive cluster can be measured at 5-10 G.

Wavelength (mm
1 gth (mm) — CCATp

—— Planck

Planck F+—

~ IRAS e
AKARI| e

[ FIR —
{82 —
Total

kp(Tsz) = 4.475 ) keV

100 1000 | L

g — S——

181 217 2E? 12 10 26 83 & A7 nog D0 010
Frequency (GHz) Y (10" Mo Ko Toromge (KA e
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More to consider: dust in galaxy clusters

-40 -20 0 20 40 60
[arcmin]

Planck collaboration (2016)

1Wavele'|glh (1)

——— T
Flanck —+
A" IRAs o
AKARI
FIR —
182

|, My srt)

(Il,-model)/o
RO

0.03
002

0.01
0.00
-0.0°
-0.02

Figure from Jens Erler

The short-wavelength data fit
uses a dust model to marginalize

The long-
wavelength data fit
do not marginalize

over dust model
and create a bias

IR

19 20 2.1
Y&, (10 Mpc?)

CMB in Germany, Jan 2018

55 107 16.0 08 5.5
KnTer (kEV) Voee (107 kMis)
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Kaustuv Basu (Uni Bonn)

More on cluster dust

—— CCAT-p: X, =3
CCAT-p: A, =1
—— Planck

16 19 2.2 80 160240  -03 1.1
Y&, (107 Mpc?) KeTsz (keV) Voo | 0° (km/s)

CMB in Germany, Jan 2018

50 um
4 mm

2.5
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Applying X-ray temperature priors

Temperature prior from eROSITA (at 30%-40% level)

X —3 x 1M M, 2= 0.3 M=3x10"M,, z—15

ToM(©, 7, vfe) — 1.52 x 1(F ToM{©, 7, v/¢) — 9.95 x 107
with 30% prior, FoM = 1.72 x 10" with 40% prior, FoM = 5.99 x 10°
= 1mm bands: FoM = 5.29 x 10° = 1mm bands : FoM = 3.56 % 107
(dotted lines)

Tf10-3

1P kms™!

2

Ay o300 AHE O 5 10 15 A 20 3M—=1 =2l
1./ keV ri10

v/10"kms '

Figure from Mittal, de Bernardis & Niemack (2017)

X-ray temperature priors will significantly improve the velocity and tau constraints
(though mostly effective for lower-redshift systems, until Athena arrives)

CMB in Germany, Jan 2018 MPA, Garching
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kSZ: cluster T and pairwise momentum

. .\'1500,. >T7- ll(’l:’ A™'M

e [pK

pairwise kSZ amplitade (K]

ht: 1, (3.752089).107% & & DES <SPT

100 150 20 250 300
comey ing pair separabion [Mpc] - AGN Feedbhack
Radiative cooling

Pairwise kSZ measurement (Soergel et al. 2016) —— Shock Heating

pairwise kSZ amplitud

Pairwise kSZ simulation (Flender et al. 2016) 100 150 200
r|h~'Mpc]

® & KSZ Mocel |

® ® kSZ Mocel Il . —
1 1 Kz Model ILNSF J. Kuruvilla et al. (preliminary)

; : ¢ & KkSZ Mocel Il
*g f f T-M scaling relation parameters

T 1), /001 ~TR Py SR iy A AP S Ty from Battaglia et al. (2017)
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i’ | 4
e
L. B%  ae
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¢
:.. e I‘Q

510 ) . 16c . 1.'13(:
comoving pair separation [Mpc]
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kSZ: fgas and feedback in clusters/groups/galaxies

Lim et al. (2018), kSZ stacking Combined tSZ + kSZ + optical
on catalogs based on SDSS data data can put tight constraints on
baryonic physics of DM halos: not
"~ 41l 7 samples only clusters but galaxies, QSQOs,..
© {errorbar=scatter among the samples)
=+ = tSZE (assuming Tyae = Ty )
Velocity field (Battaglia et al. 2017)
modelled from Stage-3 CAMB + BOSS

linear theory and
smoothed
density field — 52 kL
Reconstruction oo tSconly
(Wang et al.

(results from
stacking)
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A German contribution for the CCAT-p CMB science?

Prime-cam

-

A

100 1000
Frequency (GHz)

The original 7-frequency SZ camera design
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A German contribution for the CCAT-p CMB science?

Prime-cam

Frequency (GHz)

Plan for first 3 optics tubes: 2 broadband (bb) one spectrometer (sp)
Science cases® Lype Frequencies® Resolution Detectors Survey Areas® (deg”)
(Gllz) (arcsec) type # pilot full
S7Z. CMB, SF__bb, pol 230, 270, 350, 410 60, 50, 40, 35 TES 9000 100 12,000°
EoR, SZ sp 230, 270, 350, 410 60, 50, 40, 35 TES 6000 1 16
SZ, SF bb 860 15 KID 18,000 both both

Unknown systematics from cross-telescope data combination
(and possibly reduced sensitivity) =) Ideal to have in-built mm bands
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A broad-spectrum of
SZ science leading to
our work on the

CCAT-prime

l _ Kaustuv Basu (Uni Bonn)
0@

Take home points

CCAT-prime’s unique
ability is accurate
modelling of multiple
S5/ components in
presence of
foregrounds —
particularly cluster
dust

»] Separate tSZ, kSZ,
& rSZ from dust for
Individual clusters
for the flrst time

161823 8 16 24
Yoo (104 Mpc?) T, (keV)

CMB in Germany, Jan 2018

Losing the 2 & 3 mm
bands from the
survey camera may
not be the best
option — German
contribution?

MPA, Garching




