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Locations and amplitudes of
the peaks in the CMB power
spectrum depend on values of
both astrophysical and
cosmological parameters.
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EVEN THEN, THE PARAMETERS ARE DEGENERATE
FOCUS ON THE Q,_ — o3 PLANE
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USE OF COMPLEMENTARY PROBES CAN
GREATLY REDUCE UNCERTAINTIES
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WHY ARE CLUSTERS USEFUL COSMO PROBES?

Evolution of Structure i1n a Low Omega Universe

200 Mpc across Time = 0,95 Gyr
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Hierarchical clustering:
Massive structures are built up thru mergers of smaller structures

Cluster formation is ongoing.
Rate of assembly depends of cosmology. 9/26




CLUSTER MASS FUNCTION AND ITS GROWTH IS
A PROBE OF RECENT COSMOLOGICAL EVOL.
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CURRENT MICROWAVE EXPERIMENTS THAT STUDY THE
CMB CAN ALSO DETECT CLUSTERS VIA SZ EFFECT

Inverse scattering of CMB Photons by
Hot Intracluster Plasma

Inverse
Compton
Scattering

~1% of CMB is scattered of CMB by
“hot” ICM e

Two Components of the Electron Velocities
*Thermal (Te~100,000,000 K)
*Bulk Motion (Doppler Shift)

Produce Two Components of the SZ effect

11/26



-1
r, )
=

[
<o
(=]

Intensity (Moy =
[+

—T
6.2

a2 a1l i " i " i
a0 100 200 600
freoneney (CHzY

Io.lt_Jp'U'I lt'll'm;ll — T T T T

Thyrwnl SZE

100 20D 300 400 500
Frequency {GHz)

ROSAT/PSPC

Inverse Compton Scattering of CMB by “hot” ICM e-

12/26



FOCUS ON THE Q,,— 03 PLANE

PRIMARY CMB RESULTS
Q,,=0.3150.017 | Planci OME
Ho=67.3+1.2 oal
0g=0.829£0.012
0.80f
LOCAL ESTIMATEOF Ho ¢
Ho=73.8%24 076] e
SZ clusters

From clusters: 7

= + 0.68}
Sol-m = 833 : ggf 2 68% and 95% confidence contours

8 ° - °

13/26

Ade et al. 2013: Planck Collaboration XX/XXI|

0200 0225 0250 0275 0300 0325 0350 0375 0.400
Qm

Planck CMB is measuring cosmology at t ~ 370,000 yrs.

Planck Clusters gives cosmology at more recent epoch.



SO WHAT’S GOING ON?

€ Systematics in the Planck CMB data

Spergel et al. (2014) and others have looked at this.
Moves CMB results towards Clusters but not enough.

€ Systematics in the Planck SZ Cluster analysis
Focus of CCCP analysis (Remainder of this talk).
& Failure of the vanilla (six-parameter) model = new physics

Exploits the fact that CMB and Cluster measurements are at
different epoch. (Premature in light of above but interesting
proposals are circulating.)
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PLANCK SZ CLUSTER ANALYSIS:
PREMISED ON MEASURING CLUSTER MASS FUNCTION

TRl CLUSTERS ARE LARGELY DARK
mass cannot be easily measured

PLANCK MEASURE Ysz

FOR SUBSET OF CLUSTERS
WITH X-RAY DATA, USE X-RAY
DATA TO ESTIMATE MASS: Mx

Mx IS A BIASED ESTIMATOR OF
TRUEMASSM: Mx=&EM

PLANCK: £ =[0.7,1.0 ]

<&>=0.8
USE RESULTING Ysz - M TO
HSE: 4L _  GM(r)p(r) DERIVE MASSES OF ALL OTHER
dr r? CLUSTERS (MASS-OBSERVABLE)

IF USE <€> = 0.6 INSTEAD OF 0.8, THE TENSION IS RESOLVED



WE CAN EMPIRICALLY ESTABLISH Ysz-M FOR CLUSTERS
IN THE NEARBY UNIVERSE - USING WEAK GRAV LENSING!

galaxy

galaxy cluster

nsed galaxy im

distorted light-rays

-
CLUSTER OF
o GALAXIES

GRAVITATIONAL
LENSING:

A Distant Source
Lignt leaves a young,
star-ferming blue galaxy near
the edge of the visible universe

2 A Lens
Of ‘Dark Matter’
Some of the light
passes through a large - 5
[ ¢ axies - b §
cluster of gal‘axnca and sur . Light's
rounding dark matter, directly in the : snormal

line of sight between Earth and the « path
distant galaxy. The dark matter’s gravity . oS
acts like a lens, bending the incoming light. N

Focal Point:
Earth

Most of this light is
scattered, but some is
focused and directed toward
Earth. Obsarvers see multiple,
distorted images of the background
galaxy,

Canadian Cluster Comparison Project

Tony Tyson Geeg Xochaoki and
Tan Dell’Anienin

Frank O'Conned] and Jim McNanus:

The New York Times

it’s good for the masses!
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Lensing provides a direct estimate of the
projected (2D) mass.

To turn 2D mass estimate into 3D mass

estimate, we assume NFW halo profile:

PR _1 / \ _2
Ptot(r)=1 " (rogg + cCr)

cox M, 8014 /(1 +z)
€ Real clusters are not spherical but triaxial

€ Projected masses include nearby foreground /
background mass distribution.

This introduces about 25-30% uncertainty in
individual WL mass estimates (i.e noisy) but with
many objects, can beat this noise down.

18/26




THEORETICALLY SIMPLE, IN PRACTISE...
SOURCES OF NOISE:

Random intrinsic shape of

o ‘o ® 9 @ ©®
alaxies. ) >
g @®‘ @0 ; —)'© ’ ()e
Atmospheric seeing and e T Sa o
telescope point spread ki > v
function
-
Background noise in the o/\g 0 0 ‘7 @ 0
o ® - <D
CCD image : Jhes — ( )\
Foreground and cluster o o Q /‘9

ga|aX|eS True Background Lensed Image

Faint unresolved galaxies

Distance between lens and background galaxies 1926



UNDERSTANDING SYSTEMATIC OFFSETS:

We have undertaken a thorough analysis of the entire pipeline to
understand and quantify different sources of systematic biases:

Yiobs — (]_.|.u) Yitrue +

For cluster work:
not important due
to azimuthal avrg
“Start with an input mock galaxy distribution

ocorrect number counts and redshift distribution
oappropriate ellipticity distribution (mag dependent)

“Apply a known shear due to intervening lens = “truth”
“Create a lensed image; add “appropriate” noise level
“*Impose correct PSF - size (seeing) and distortions
“*Analyze mock images via identical pipeline/approach

“*Compare results to true input to determine multiplicative and
additive biases.

MOCK IMAGES MUST MATCH OBSERVATIONS IN ALL ASPECTS!



FAINT UNRESOLVED GALAXIES

MOCK IMAGE MUST INCLUDE THE POPULATION OF GALAXIES -
EVEN IF UNRESOLVED - AT LEAST 1.5 MAGNITUDES FAINTER
THAN THE LIMITING MAGNITUDE OF SOURCES USED IN THE
LENSING ANALYSIS.

FAINT UNRESOLVED GALAXIES IMPACT SHAPES OF BRIGHTER
SOURCE GALAXIES VIA BLENDING AND BY INTRODUCING
CORRELATED NOISE IN THE IMAGES. 21/26



AND, COMBINING EVERYTHING TOGETHER...

WE COMPARE TO PLANCK MASSES

MPlanck <][O14 M(D)

2 5 T T ‘ T T f T | T I T T ‘ T T

L Planck,Hydro

=W CCCP; Mp,=(0.80+0.05) Mguep /// | M500

- £ -=0.8

— y MWL
50 |- WEG; My, =(0.62+0.04) My, - B 500

"""" = | THEVALUE OF E WITH CCCP
S = MASSES IS SAME AS THAT
| ASSUMED IN PLANCK
ol  COSMOLOGY ANALYSIS.
| TENSION BETWEEN PLANCK
1 CLUSTER ANALYSIS AND
1 PLANCK CMB ANALYSIS
| REMAINS.

ML (1014 M)
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SO WHAT THEN, NEW PHYSICS?

1 1 | 1 1 1 1 | | 1 | 1 I 1 1 1 1

10 15 20
Meeep(<1.5 hod Mpe) [10 hyd M,]
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EXCITING BUT...
ANOTHER GROUP (WtG)

HAS MEASURED WL MASSES
AND FIND E = 0.6.

THIS WOULD RESOLVE THE
TENSION BWT TWO PLANCK
COSMOLOGY RESULTS
BUT...

Mwic=(1.1120.04 ) Mcccp 14
™ 11%

23/26



AND....

T l T T T T I T T T T T T l T T T T I
a) Okabe et al. 2010 b) Hoekstra et al. 2012, M,

Mwic=(1.28 ) M\ ;cuss 10 Mwic= (1.23 ) Mccep 12
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Applegate et al 2014

For the same set of clusters, masses are systematically
off by ~25 %, 2> bigger than statistical uncertainties

OBSTACLE TO “PRECISION COSMOLOGY WITH CLUSTERS”
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SUMMARY

€ Planck CMB and Planck Cluster determinations of Q_
and og are in tension.

€ We use weak lensing mass determinations of 50
clusters to test the key assumption underpinning the
Planck Clusters analysis.

€ We have carried out an extensive analysis of
systematic biases of our WL measurement and

analysis pipeline.

¢ At the end of it all, our results support the Planck
assumption.

€ But another group (WtG) finds that Planck
assumption is off by 15% but WtG masses are
10-20% larger than other determinations.

OBSTACLE TO “PRECISION COSMOLOGY WITH CLUSTERS”



BUT WHAT NEW PHYSICS?

food for thought
0.9+ : ' - TENSION BTW HI-Z &
: : LO-Z PARAMETERS
508} { =t CAN BE RESOLVED:
v +9% Mass
— Sv-Md
ol | ONE EXTRA STERILE v
| ! ] + :VIL +9% Mass

AN, =1
M, ~ 0.4-0.8 eV

1

65 70 75 80 0.8 0.9 1.0
HO 88=0-8(le0.25)0'47 26/26







