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CMB receiver types O

Coherent receivers:
Phase-preserving amplification
Correlation of different polarization

e Correlation/Pseudocorrelation receiver (e.g. WMAP, CAPMAP)
e Interferometer (e.g. DASI, CBI)

Incoherent receivers (bolometers):
Direct detection of radiation,
No phase information kept
Large arrays!

e Bolometers (e.g. ACBAR, Boomerang, BICEP, Clover, Planck)
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Interferometers for CMB

DASI in South Pole
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Interferometric measurement

Direction to source

7
\ Correlator |

Observational Cosmology

Properties of interferometers that make them
ideally suited for CMB observation:

e Automatic subtraction of the mean signal
e Intrinsically stable (no skynoise)

e Beamshape is easy to obtain (and is not
as important as in single dish observations)

e Direct measurement of visibilities (which
are very nearly the Fourier transform of sky
brightness distribution)

e Precision radiometry and polarimetry

e Repeated baselines allow variety of
instrumental checks
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ACBAR

Boomerang

Observational Cosmology
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Bolometer and HEMT sensitivities

Fluctuations in the arrival rate of CMB photons impose a fundamental limit of
~30 pK+/(sec) for detection of a single mode of radiation in a fractional
bandwidth of 25% from ~30 to 220 GHz. This is called the photon noise limit.

Modern bolometers are essentially photon noise limited.

2005™ 2010
Freq. Bolometer  HEMT |Bolometer |[HEMT
W2 WA
[GHz] [nK p VS] |[WK g Vs] (LK. Vs] (WK, Vs]
30 - 93 57 48
40 - 115 51 51
60 - 175 44 60
90 67 224 40 75
120 - _ 40 03
150 48 - 43 _
220 68 _ 64 _
350 | 224 - 220 -

(about a decade ago)

Observational Cosmology

(CMB Task Force Report)
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Bolometer and HEMT sensitivities

« Sensitivity

« Response time
 Frequency Coverage

« Cooling Requirements
« Linearity

« Gain Stability

« Offset Stability

« Focal Plane Density

« Polarization Sensitivity
« EMI/RFI/B-field/
microphonic susceptibility
« Array Uniformity

Observational Cosmology

Bolometers

great

~ msec -> sub-msec
comprehensive
littlePatlow T
adequate

excellent

excellent

better

good

adequate
good

(Slide from Andrew Lange)

MMIC HEMTs

good @ <100 GHz
fast

limited

large P at higher T
excellent

poor

good

feedhorn limited
good

better
???
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Example of a modern bolometer array

This honeycomb-like array of feedhorns at the 10-m South Pole Telescope directs radiation to superconducting detectors
used to measure the polarization of the cosmic microwave background. The seven hexagonal cells in the center, about

5.8 cm across, are sensitive to radiation at frequencies of about 150 GHz. The larger feedhorns surrounding them are used
for frequencies near 95 GHz. Progress in detector development is so rapid that within a year arrays should have sensitivities an
order of magnitude greater than that of the state-of-the-art detector shown here. (Courtesy of the South Pole Telescope.)




Ground- and space-based i
experiments

From Delabrouille et al., CORE mission paper

Atmospheric transmission for 0.5mm pwyv Load on detectors (intensity)
1.0 = e - T T S
I m 1 100.0 k& Ground—Based -
0.8 . : :
c | ] . ' ]
@ 0.6 y & 100f 3
T S : :
g 0.4_ o) ~ -
— - -l
+— 1.0 = 100K payload =
0.2 : :
_ 60K 4
I 0.1F =
0.0 R N R R ATV S N _ 40K 3
10 100 1000 10 100 1000
v (GHz) v (GHz)

Figure 11. Top left: Typical atmospheric transmission from the Atacama plateau at 60° elevation,
for an average of half a millimetre of integrated precipitable water vapour. Top right: Load on a
detector for a ground-based instrument (black) and for a space-borne instrument with various payload
temperatures.

A single space-borne detector can reach a sensitivity equivalent
to 100-1000 ground-based detectors (depending on frequency).
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Ground- and space-based
experiments

Planck HFI focal plane, showing the

feed horns for 32 bolometer detectors _
SPT-3G focal plane, with over 15 000

detectors (0.5 m diameter)
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Detectors for the ground-based
telescopes

2001: ACBAR

16 detectors 50x improvement (Credit: SPT collaboration)

P c : \‘{t‘\" T —

e 2007: SPT

ol delectons \Add polarization

2012: SPTpol

~1600 detectors \1 Ox improvement

P S 2016: SPT-3G
§ ~15,200 detectors

Evolution of the SPT detector assembly
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Moore’s law for CMB detectors

CMB-S4 CMB Stages

Next Generation CMB Experiment

! ! ! l l
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Maybe this will fly to space!

Ground screen

N AN
: A \‘.‘43.

SR,
A=l

Ground screen framing

Secondary —.
reflector 5))
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Next generation ground-based
telescopes

Cryogenic filters
and lenses

Vacuum windows

Hexagonal
and lenses

detector arrays

CCAT-prime

6 meter aperture and extreme large
field-of-view sub-millimeter telescope on
the Cerro Chajnantor (at 5600m) Chile

1K optics shells

and stops
Partners: Cornell, Bonn-Cologne-Munich, Canadian universities S @iy
300K vacuum shell
80K radiation shield 4K shell and

40K radiation shield mounting plate

2.5 m diameter bolometer receiver

' 2.8m
PT90 PT420 i DR LDago | NOT PUBLIC YET
/ Detector Array

300 K Vacuum Shell

UHMWPE
Windows |

Thermal Bus

4 K Shell
80 K Filter Plate

SMuRF
Readout
Interfaces

Instrument__jil bs*
Module AN

40K Shell et

\/
G10 Tabs 4K Plate 100 mK Plates Amplifier electronics
SMURF electronics crates and RF Feedthroughs
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CMB measurements from ground O

Since 3 K << 300 K, CMB measurements are sensitive
to thermal emission from their environments.

CMB telescopes are specially designed to be very

directional, but 300 K in the sidelobes is always a
worry.

A receiver has system temperatre Tsys

Tsys = Trec + Tcme + Tatm + Tground + ...

b1 gy
VAV T

The radiometer equation is: §7 =

QUaD at south pole
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Planck detectors

The HFI focal plane optics and 4K thermo-mechanical stage

Planck

« 20K HEMT amplifiers at 30, 45, 70 GHz
— ~ 20 amplifiers

100 mK bolometers at 100 -> 850 GHz

The fully assembled Planck satellite a few days before integration into the Ariane 5 —~ 50 b O|Om ete rs
rocket. Herschel is visible by reflection on the primary reflector.
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INSTRUMENT CHARACTERISTIC

LFI

Planck detectors

HFI

Detector Technology
Center Frequency [GHz]
Bandwidth (Av/v)
Angular Resolution (arcmin)
AT/T per pixel (Stokes I)*
AT/T per pixel (Stokes Q &U)“ ...

HEMT arrays
30 44 70
0.2 0.2 0.2
33 24 14
2.0 2.7 4.7
2.8 3.9 6.7

Bolometer arrays
100 143 217 353 545 857
0.33 033 033 033 033 0.33
10 7.1 50 50 50 5.0
25 22 48 147 147 6700
40 42 98 298

& Goal (uK/K, 10), 14 months integration, square pixels whose sides are given in the row “Angular Resolution”.

hisricebpods ( 2830K)
7 Ty

arey (20K)

Badkendunit
(300K)
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LFImanf=zme (208

Focal plane

Planck Bluebook

Planck Bluebook
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Planck: polarization sensitivity

____________
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Planck Focal Plane Unit with
polarization sensitive bolometers
(spiderweb bolometers). Here one has
two bolometers back-to-back
with orthogonal grids.
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Low multipole “anomaly”
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Fig.39. Left: Planck TT spectrum at low multipoles with 68% ranges on the posteriors. The “rainbow” band show the best fits to
the entire Planck+WP likelihood for the base ACDM cosmology, colour-coded according to the value of the scalar spectral index
ns. Right: Limits (68% and 95%) on the relative amplitude of the base ACDM fits to the Planck+WP likelihood fitted only to the
Planck TT likelihood over the multipole range 2 < € < €iax.
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Low multipole “anomaly”

| WMAP “fingers”
Planck’s anomalous sky: the hemispheric asymmetry and the cold spot. Credit: ESA and the Planck g e S

Collaboration

)

I=2

Bennett et al. (2011)

"’

Figure 14. [ = 2 quadrupole and [ = 3 octupole maps are added.
L The combined map is then shown superposed on the ILC map
viis from Figure[2] Note that the quadrupole and octupole components
S arrange themselves to match the cool fingers and the warm regions

WMAP cold Sspot in between. The fingers and the alignment of the l =2 and [l = 3
multipoles are intimately connected.
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CMB “anomalies”

WMAP 7 yr result
Bennett et al. (2011)

Figure 17. “SH” initials of Stephen Hawking are shown in the
ILC sky map. The “S” and “H” are in roughly the same font size
and style, and both letters are aligned neatly along a line of fixed

A large fraction of simulated CMB skies will

have some kind of anomaly or oddity. The key
is whether the oddity is specified in advance.

tumized” IOr maximum erect Dy analyslS Cnolces, dOes Mot result
in a fair unbiased assessment. This is a recurrent issue with CMB
data analysis and is often a tricky issue and one that is difficult to

Observational Cosmol e "and experiments
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] ,, ]
pi” in the sky
Ali Frolop & Douglas Scott, arXiv:1603.09703
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(b)
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Observational Cosmology

Part 3:

Secondary
CMB Anisotropies



SECONDARY temperature anisotropies

Observational Cosmology

Table 1. Sources of temperature fluctuations.

PRIMARY Gravity
Doppler
Density fluctuations
Damping
Defects Strings
Textures
SECONDARY | Gravity Early ISW
Late ISW
Rees-Sciama
Lensing
Local reionization | Thermal SZ
Kinematic SZ
(lobal reionization | Suppression
New Doppler
Vishniac
"TERTIARY " Ixtragalactic Hadio point sources
IR point sources
(foregrounds (alactic Dust
& Free-free
headaches) Synchrotron
Local Solar system
Atmosphere
Noise, ete.

K. Basu: CMB theory and experiments
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CMB photons on their way to us O

Last scattering surface

Two things can happen

to the CMB photons: Observer

1. they are deflected by
gravitational potentials

2. they get scattered off F =
electrons

Observational Cosmology K. Basu: CMB theory and experiments 26



CMB power at small angular scales
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Power at small angles O

Angular scale

90° 2° 0.5° 0.2°
6000 F ' l | ]
: WMAP .
: \ Acbar .
>000 - . \ Boomerang
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The signal is actually C; - our power spectrum plots boost the apparent

variance at large | by a factor 2 - Observations at high-l therefore
requires far greater sensitivity over the same angular beam.
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Lensing of the CMB photons O

Slide from A. Lewis

Last scattering surface

Inhomogeneous universe
- photons deflected
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)

=

S Calculating the deflection angles
<

. de | |

g T =V (@47

D dn \ )'

g |

o)

Weyl Potential:

Yy =(@+¥)/2
determines scalar

part

of the Weyl tensor

Conformally invariant

FRW background: comoving angular diameter distance

(K12 sin(K
fr(X) = {x
|| K|~Y/2 sinh(

Write X, in two ways

= JK ( X+ — X )03

X) for K > 0, closed,
for K = 0, flat,

K |Y2y) for K < 0, open.

fe(xs—x)08 = fr(x+)00

—~

B f]\" (\* — \)

56, =

Observational Cosmology

v ——=20xV ¥

03 = —20¢V ¥V v

CMB lensing formalism - |

Last scattering

50!

Y b

Observed deflection
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CMB lensing formalism - |

Lensed temperature depends on deflection angle

T(n) = T(') = T(n + )
Newtonian (Weyl) potential

e el /
a =90 = —2/0 dxf JE;(X*)X) V¥ (xm; mo — x)

\

co-moving distance to last scattering

Slide from A. Lewis

See lensing review for more rigorous spherical derivation

Lensing Potential

Deflection angle on sky given in terms of angular gradient of lensing potential a = V¢

V_L\II V'n\I’ /f!\ )

Xn)=X1n') = X( n+Ve(n))
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Lensing of the CMB photons O

CMB photons get deflected by the
intervening large scale structure.
This is quantified by the deflection
angle a = V!

T(f) (£350uK)

b O

One result of CMB lensing is
blurring of temperature and E-

mode polarization anisotropies,
as the angular scales associated
with the peaks are smeared.

Another result is the creation of
B-mode polarization from E-
mode (by mixing Stokes Q and U
params).

- = Credit: D. Hanson
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Temperature & polarization after lensing

Unlensed

Potential
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Unlensed CMB

CMB Temp.

T(ﬁ)unlensed



'184 182
T(ﬁ)lensed — T(ﬁ + d(ﬁ))unlensed

~ 180

10°



Lensing of the CMB photons

Lensing 1s a surface brightness conserving remapping of source to
image planes by the gradient of the projected potential

" dZ DA DS — D
b(h) =2 D, — D)
H(z) Da(D) Da(Dy)
such that the fields are remapped as

CI)(DAﬁv D) 9

r(n) — x(n+ Vo),

where x € {7, (), U} temperature and polarization.

Taylor expansion leads to product of fields and Fourier
mode-coupling
Appears 1n the power spectrum as a convolution kernel for 7" and

E andan £ — B.

Slide from Wayne Hu
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Lensing effect on the power spectrum

6000
4000

2000

lensed

difference (x10)

500 1000 1500 2000 2500

Lensing smooths the temperature power spectrum (and E
mode polarization) with a width A1~60 This is a small,
subtle effect, but reaches up to ~20% at 1~3000.
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The left panels show the unlensed (solid) and lensed (dashed) power spectra of the CMB temperature

(top) and E mode polarisation (bottom). Lensing spreads out the peaks very slightly while transferring

power to large I. The right panels show the fractional change in the power spectrum caused by lensing.

Observational Cosmology
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CMB lensing measurements

Statistically detectable at high-
significance with Planck because low i
foregrounds and other secondaries at S
large angular scales. o5
= 010}
=
dz DA(DS — D) (I)(D A D) ‘j’ [ ACT 2013 (T only)
— w7 All, ~ L PLANCK (T&P)
(Z) DA(D) DA(DS) | = POLARBEZI?F:52014(PonIy)
0.01 - SPT 2012 (T only pat/U E
F SPTpol 2015 (T &P)
Z LLRLLLLLL LA L L L L | ! ! ! I ! | ! | 1 1 1
0 500 1000 2000
5 T —1— Planck (2013) -~ ACT

Planck 2015 results

05 L o i ~ Planck Qo//abolrationl_

1 10 100 500 1000 2000
L
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Matter distribution from CMB lensing
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Cosmology with CMB lensing

CMB lensing currently competitive with galaxy lensing

Probes higher redshift = constrains Q,,0¢-%> vs. galaxy Q,,, 08"

DES 1YR +Planck lensing only LCDM forecast

1.4 -
B DES lensing
174 B Planck lensing
' B joint
1.0 -
S

0.8

0.6

0.4 1

0.15 0.30 0.45 060 0.75 0.90
Qn

DES 1Yr has 10 nuisance parameters, conservative cuts: limited by modelling not statistics

CMB lensing currently limited by low S/N (and only one source redshift plane)
Observational Cosn nents 4|



CMB lensing by galaxy clusters O

CMB very smooth on small scales: approximately a gradient

Last scattering surface What we see

Slide from Anthony Lewis

GALAXY
CLUSTER

N

«— 0.1 degrees ———

Need sensitive ~ arcminute resolution observations

Observational Cosmology K. Basu: CMB theory and experiments 42



CMB lensing by galaxy clusters O

RMS gradient ~ 13 pK / arcmin _ _
deflection from cluster ~ 1 arcmin Lensing signal ~ 10 pK

BUT: depends on CMB gradient behind a given cluster

Slide from Anthony Lewis

Unlensed Lensed Difference

100 100

80 80

60 60
; 40

140

Unlensed CMB unknown, but statistics well understood (background CMB Gaussian) :

can compute likelihood of given lens (e.g. NFW parameters) essentially exactly



Cluster lensing state-of-the-art

Y3 flux-limited Y3 volume-limited
A € [20, 1000] (4003 clusters) A € [20,1000] (1741 clusters)

0.11

High-sensitivity, high resolution
CMB can calibrate mass of 1000

stacked clusters to a few percent
0.00

Y [arcmin)]

S4 Science Book

— 1.0 arcmin

X [arcmin] X [arcmin] 08 | === 2.0 arcmin

—— 3.0 arcmin
Raghunathan et al. (2019): DES and SPTpol

Current ground-based CMB experiments (SPT
and ACT) are able to measure the lensing
convergence from galaxy clusters by stacking
1000s of objects. This precision is expected to
Improve dramatically in the coming years. 00—

Ar=Ap/V2 (uK — arcmin)
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Other lensing effects: Moving lens

Birkinshaw & Gull (1983) AT (n) V. Vi Yasini et al. (2018)
— V] - -
Av TovB Hotinli et al. (2018)
B 0.6
Photon energy decreased
by encounter
0
0.4
Photon energy increased
by encounter
-0.2
Moving lens signal (in uK-arcmin) -0.0
0.02 0.2
—0.4
-0.02
—0.6

¢ [deg]
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Scattering of CMB after recombination O

The main impact of cosmic
reionization at redshift z ~ 6-10 is to
dampen the temperature
anisotropies, and create new E-mode
anisotropies at very large angles.

T degenerate with other cosmological
parameters, especially A, and related
parameters n,, os, and foregrounds.

Clt o Age ™"
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Observational Cosmology
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Current constraint from Planck (2018):

T =0.054 + 0.007

to
/t(z)
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AT/T from reionization

Observer

“suppression (blurring)” & “generation”

Scattering 10-3
Re-scattering of CMB photons damps 10-10
anisotropy power (AT?) as e-27, with T the
optical depth to Thomson scattering.

1071
For T = 0.095, this means a 20% reduction
from initial power.
New perturbations are generated on small M=

scales due to the bulk motion of electrons
in over-dense regions (Ostriker-Vishniac
effect) = also called kSZ from reionization

Observational Cosmology
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Additional small effects

Resonant scattering by atoms and molecules (CMB spectroscopy!)
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Local y-distortion:
Sunyaev-Zeldovich effect(s)

Energetic
electron

.

~\ Comptonized
photon

/

Hot plasma

Coma cluster from Jens Erler’s master’s thesis,

See recent review: arXiv:1811.02310 created using ILC method and Planck data
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Single IC scattering of CMB photons i

The physics of the SZ effect is very simple. Moving electrons transfer some of their kinetic energy
to the low-energy CMB photons, via Doppler effect. This is the well-known energy ratio of
photons after Compton scattering when hv < ymec?

Vo I —pBu _1-pu
14 1 _ﬁ/l’"k%(l_,usc) 1—,8/1’

Here B = v/c is the speed of the scattering electron with Lorentz factor y = 1/+/1 — 32
in units of the speed of light, c¢; me. 1s the electron mass; & 1s the Planck constant; u
and ¢’ are respectively the direction cosines of the incoming and scattered photon
with respect to the incoming electron; and u. 1s the corresponding direction cosine
between the incoming and scattered photons.

In single-scattering events with electrons at speed drawn from an isotropic velocity
distribution there is no net effect, as the gains and losses average out to leading order,
leaving a second order term. The average energy gained by a CMB photon in each
scattering is determined by Av/v = (4/3) 32 = 4kgTe/ MmeC=.

This is referred to a Compton y-type distortion, first derived for the case of galaxy
clusters by Sunyaev & Zeldovich (1969).
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Single IC scattering of CMB photons i

12

The scattering probability function P(s;p) BEB LN R I IR B
from a single electron with velocity 3 » .

(3 =0.01, 0.02, 0.05, 0.10, 0.20, and 0.50)

8
s = logarithmic frequency shift due to scattering

s = log(v'/v)

This function needs to be integrated over the 4

velocity distribution of electrons. I
o Lt | A_% \ ;m

It can be seen that the distribution
of scattered photon frequencies is
asymmetric, with a stronger
upscattering tail than a
Nl downscattering tail.
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Scattering kernel for 5 keV and 15 keV thermal This is the origin of the SZ effect!

plasma (taken from Birkinshaw 1999)
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Observational Cosmology

The y-parameter is the line-of-sight
integral of pressure:

5 / nekBTe dl,
l.o.s.

MeC

oT

y:

The following definitions are used:
r = hv/(ksTcvB)
Iy = 2(kgTcmB)? /(he)?,
h(z) = z* exp(z)/(exp(z) — 1)

— 4) (1+ dsze(z,Te))
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Magnitude of the SZ effect

SZE decrement (mK CMB)
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tSZ spectral distortion: the rSZ effect i

For very high energy electrons, the Komaneets approximation breaks down (scattering can no
longer be considered elastic). This is often the case for hot galaxy clusters, where average
temperature can exceed 10 keV, so there are enough relativistic (y>100) electrons in the thermal

tail (sometimes called the Maxwell-Juttner distribution).

This spectral departure from the classical non-relativistic calculation is termed as the relativistic
SZ, or rSZ, effect. Just like measuring the X-ray Bremsstrahlung spectrum in the high-energy
part, this is an effective tool to measure cluster temperatures directly.
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The five different SZ effects @

The thermal SZ (1SZ) effect is the main effect, caused by inverse Compton
scattering from the hot electrons in the intracluster plasma. For a typical massive
cluster, its amplitude can be ~few 100 pKcwus.

tSZ The second most important is the kinematic SZ (kSZ) effect, which arises if there
is a strong bulk motion of the scattering gas along the line of sight. This gives a
Doppler boost (or decrease) to the CMB temperature without changing its

kSZ spectrum. Since typical velocities are ~100 km/s, the kSZ signal is roughly 10
times smaller than the tSZ, of the order 10 pKcwms.

When the electron temperature is high (=5 keV), then the higher-order relativistic

rSZ corrections to both the tSZ and kSZ spectra can be noticeable. Generally, one
refers to the relativistic correction to the tSZ effect, calling it relativistic SZ (rSZ)
effect. Typical signal ~1 pKcwm, depending strongly on the frequency.

pSZ There can be also scattering from electron populations other than thermal, most
notably, power-law energy distributions (e.g. created by shock acceleration). This
is the same effect that creates inverse Compton emission at hard X-ray band. It

ntSZ has a different spectrum than the tSZ, hence is called nonthermal SZ (ntSZ)
effect. Depending upon the energy density, signal is ~0.01-0.1 pKcwms.

Lastly, SZ effect can be polarized. The two main contributors are (a) scattering of
the intrinsic CMB quadrupole, and (b) a quadrupole generated by the clusters
own motion. This is labelled polarized SZ (pSZ) effect. Signal is ~0.001 pKcwme.
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Kinematic SZ effect

Caused by Doppler shift of photon energy. In
the electron’s rest frame there is a CMB dipole,
which the IC scattering partially isotropize.
Then, transferred to the observer’s frame,
there is a net anisotropic signal.

photon in

A
<§-‘~f - : i \ cluster motion; v,
photon ou

The signal is simply proportional to the line-
of-sight velocity of the clusters multiplied by
its optical depth

AT Vy Vy

= ——7 = —— [ orndl

/ & C c

Note that kSZ can be either positive or negative!

Observational Cosmology
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Kinematic SZ effect O

oz | 00008B(Tam) - Here is the first measurement of the kSZ
3 effect from internal gas motions in a
szs cluster (MACS J0717.5; Mroczkowski et
Th 0.1 al. 2012, Adam et al. 2017)
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kSZ effect for cosmology i

kSZ effect is one of the most promising
tool to map the cosmic velocity field in
the linear regime. This has huge
potential for cosmology, since the
amplitude of the velocity field is directly
proportional to the growth rate of
structure and the matter density.

(E) dlnD a,HcS(k)k
dlna k2

(Simulations by K. Dolag)

SZ

Predictions for

i | the CCAT-prime
< 16.0} telescope , —
2 a0l cosmology survey R .

— _ Prime-Cam
P - allA
= ‘3% .
= . Prime-Cam
> 03 A21.3mm
: ; : " : Planck
18 19 22 80 16.024.0
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Non-thermal SZ effect
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ar Alv. .

Non-thermal SZ is the spectral distortion from ultra-high energy electrons with power-law
energy distribution (i.e. cosmic ray electrons) or any other non-Maxwellian distribution.

A very recent observation has provided strong evidence for this signal inside AGN
bubbles on galaxy clusters.
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Al (mdy arcmin™)

vF(v) (erg cm™ s7")

Non-thermal SZ effect — in the X-ray!

This is the same effect that causes the Inverse Compton (IC) emission in the hard X-ray
band. There we are observing the effect from the very high-energy tail of the power-law
electrons, typically at 10-100 keV (1078— 1020 Hz).

X-ray IC emission from radio AGN lobes are now routinely detected.

ntSZ is yet undetected.
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Thermal SZ effect summary
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Kinematic SZ effect summary i
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O
Redshift-independence of the SZ effect

Sine the SZ effect is a scattering of the background CMB photons, the
effect of the cosmic expansion is the same on both the scattered and un-
scattered photons. In other words, the signal is independent of redshift!

Hence if you can resolve the cluster, the total flux density within the
telescope beam remains constant no matter the distance of the cluster,
provided the intrinsic property of the cluster remains the same.

Abell 1914 z=0.1% CLOC16+16 z=0.54 ME10564—-0321 z=0.83
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“Beam dilution” of the SZ effect O

However, if the instrument
beam is larger than the cluster,
then the flux generated by the
SZ effect gets weaker as the
cluster is more distant and
hence smaller in angular
diameter (think of a surface
with uniform brightness getting
smaller). This causes a _
redshift-dependent  selection 0.
for some SZ experiments, like
Planck (upper figure on right).
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I
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SPT-SZ

For Ground-based experiments
with ~1 arcmin beam size, like
SPT, this is not a problem,
since clusters above 2x1014 Mo

do not get any smaller! In fact,

Msooc (Mg h373)

-~
—
-~
e

the mass threshold goes down 10 orsz costere 4. ]
slightly, as the clusters get | new cluster model ===
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The first four SZE discovered galaxy clusters
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In six years (SPT alone)

~700 confirmed galaxy clusters
from the SPT 2500 deg? field
(Bleem et al. 2015)
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In the next few years

Our own CCAT-prime project (with
collaborators from US and Canada)
will start taking data in 2021

SPT-3G, currently taking data, is
expected to find over 5000 clusters
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Questions?

Observational Cosmology K. Basu: CMB theory and experiments 68



