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Growth of structure measurements
from tSZ and kSZ observations
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Concordance ACDM

Parameter Best fit 68% limits
0.022069  0.02207 =+ 0.00027
0.12025  0.1198 + 0.0026
1.04130  1.04132 + 0.00063
0.0927 0.09170 015
0.9582  0.9585 + 0.0070
3.0959 3.090 + 0.025

Dark Matter

Dark Energy




Beyond Concordance ACDM

Is Dark Energy a cosmological constant?
Are modifications to GR required?

What is the sum of neutrino masses?

Growth of structure measurements are 1 way to constrain these extensions







ST 4 Growth of Structure
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Growth of Structure

Halo Mass Function " e

log(1/0)
~0.52 -0.38 -0.21 -0.01 0.24

12 13 14 15 16
log[M/(h-! My)] Tinker et al. 2008
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Growth of Structure
Halo Mass Function

X m, = 00eV:0g=0.832 -
X m,, = 0.3eV:0g=0.752
X;m, =0.6eV:ocg=0.675 -

1015
Costanzi et al. 2013




Galaxy Clusters

o . ) ’ . " ) v
ACT-CL J0102-4915, Z7=0,870 . . . " ACTLCL J0102-4915, Z=0,870 ..
o . o <0 0 - o 'Y

10s to 100s
of galaxies

Most massive
gravitationally

Optlcal + NIR
: OotlcalwlRAC36,mand-15 im , . I

L %

Optlcal

. SOAR/SO! (RIz) + VLT/FORS2 (griz) \ \ pre gy

Menanteau+12

X-ray

ACT (148 GHz)

Chandra/ACIS [-385,K.-85,K]



Thermal Sunyaev-Zel’dovich Effect
Inverse Compton scattering of CMB
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Thermal Sunyaev-Zel’dovich Effect
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arlstrom et al 2002




Thermal Sunyaev-Zel’dovich Effect
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Thermal Sunyaev-Zel’dovich Effect
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Thermal Sunyaev-Zel’dovich Effect

Compton-y parameter
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The Atacama Cosmology Telescope
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The Atacama Cosmology Telescope

5200 m (high)
Desert (dry)
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Finding SZ clusters in data

Signal processing - Match filter
Model for the signal (y-profile)
Model for the noise (CMB + Instrumental)
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Characterizing SZ clusters in data

Follow-up observations
Estimate their masses

- Via the observable Y

kS - : . p
: .
- . .
. -
g 5 - :
- - .
radt M ° . B
2 w &~ ot B - .
- e -
8 v - . e N
t - . . - 4 - .
. - - .
. -
'\
. S
. . .
.
- . - - B
L .
N
- . - .
.
. : .
. -

.
. - ) g - -
- .
i . 4 » - - - N - . -
vadh - LI
» 2 . g e : : : . -
e . s AR : : - . . .
B .
| - “ ’ e . . . . »”
4 3 - ' . . . . » N
~ b - A . a -
N » ' N L4 N
- > o N >
2 s w N PO e > - )
S - g oS s - . .
e % . » g - N
v x . B
Ry 41 . - - - - .
o . . ° . - r
.
: Y a 4 -
.
. L - .
; :
b AV - & . .
’%\ : o . . . - . ™ N . 4
NG L y : .
. o -

. ° . > - ‘. . ' |

“k' N E . o RS . .

1 - - . .

. - . L
A B - - .
M - . s .
. o -~ -
4 -
‘ -
-



Cosmology with clusters

Number counts







Cosmological constraints from cluster counts
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Limited by uncertainty in the Y-M relation & Pressure profile



Cosmological constraints from cluster counts
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Cosmological constraints from cluster counts
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Empirically calibrate Y-M relation using weak lensing!



Weak Gravitational Lensing

BUISUR)| LM Se\eS

A coherent distortion of source galaxy apparent shapes
Galaxy clusters produce a tangential distortion of the shear field

- Infer total mass within given aperture



Mass calibration with CS82
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Mass Fits

- We fit the weak-lensing signal using simulations and an NFW profile.

- Use this mass calibration in upcoming ACT cluster cosmology work.
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Dec

Hyper Suprime Camera

Subaru telescope

8.2 m, grizy, ~ 0.6” seeing

Full HSC 1400 sqg deg.

Complete overlap with AdAvACT
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Preliminary HSC - ACT results
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Comparison to Planck
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ACT-HSC weak-lensing mass calibrations are consistent with previous results.

WL mass cal. of SZ selected clusters is progressing and will continue to.



ACTPol cluster sample

I I I I I I
PSZ2 (all sky)

+ SPT (2500 deg?)
- ACT South (455 deg?) + H13 low SNR
¢ ACTPol E-D56 field (987.5 deg?)

MEaL (1014 My)
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Dec. (J2000)

Advanced ACT cluster search

« Advanced ACT is underway — will survey southern sky in 5 bands (30 - 220

+20° RIS &
RGOS I

GHz) with complete LSST overlap
Preliminary cluster search: 90 + 150 GHz multi-frequency matched filter,

one season of AdvACT data + all other available ACT/ACTPol data
Black = area used for a preliminary cluster search, overlaid on Planck 353
GHz map; Blue = DES; Green = SDSS — we have not done optical follow-up

outside of SDSS + DES (public DR1) regions yet
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Preliminary Advanced ACT cluster sample
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SZ Cluster Cosmology Forecast CMB-5S4
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Kinetic Sunyaev-Zel’dovich Effect

Doppler boosting of CMB photons

MICROWAVE RACKGROUND
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Emergence of kSZ detections

comoving radius at z = 0.57 [Mpc/h]
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What is measured?

(AT )k (x+60) = —7(0) v.(x) (+2-halo)

I SZ / \

opticaldepth  _bulk’ radial velocity
(profile)

6 aperture

« Varyratfixed 6 -
velocity field on large
scales

 Vary @ atfixed x >

gas profile and
abundance.

Origin  giue credit S. Ferraro TWO different measurements!



Velocity field on large-scales

Q AN\ ~ —Tcluster Ur

folz: k) ~ (R}, (2)

Neutrinos

GR Dark Energy

v=0.55 + 0.05(1 + w)




Pair-wise velocity statistic & measurements

Hand et al. 2012

De Bernardis et al. 2016
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Motivation - kKSZ cosmology forecasts

Pair-wise velocity estimator

Minimal AMDM

Planck
kSZ+Planck
Planck+len
kSZ+Planck+len

Mueller et al. 2015a

0.120 0.122 0.124 0.126 0.128
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0.45
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Beware of fisher forecasts
What are some of the systematics?

galaxy - gas offset 2-halo term
Rk U7

e Markev

itch et al 2006

For a halo of a given mass, what is the optical depth?




Dependence on

— Stage Il Mueller et al. 2015b
—  Stage III

= Stage IV

—  Stage III

— Stage [l

102 10! 10" 10?
A bprior
b

Uncertainties on = will soon be a leading systematic uncertainty in
the cosmological parameters obtained from kSZ measurements

How does one measure 7 since it is not a “direct” observable?



r -y relation an empirical solution?
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What is measured?

(AT )k (x+60) = —7(0) v.(x) (+2-halo)

I SZ / \

opticaldepth  _bulk’ radial velocity
(profile)

6 aperture

« Varyratfixed 6 -
velocity field on large
scales

 Vary @ atfixed x >

gas profile and
abundance.

Origin  giue credit S. Ferraro TWO different measurements!



Measuring the 7 profile

zero lag aperture
AT 1\ Y
= (%) v (x) ) (0) = o, 7(6)

/o

0 aperture cosmology optical
: (independent depth
of 0) (profile)
comoving radius at z = 0.57 [Mpc/h]
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- ) Battaglia 16
‘ 5 15, W
s ' ¢ ACTPol & CMASS 1
-B‘ ®
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Combining tSZ & kSZ measurements

Previously, Knox+2004 Sehgal+2005 proposed to constrain T, 7 & Vpec
Also see Erler et al 2017 (Jens’ poster) & Mittal et al. 2018

comoving radius at z = 0.57 [Mpc/h]
0.43 0.86 1.28 1.71

O
=

—— DBattaglia 16
| —— NFW
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Schaan et al. 2015
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- Planck
[ XMM-Newton
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r Dolag et al. (2012)
| Battaglia et al. (2011)

“cumulative density profile”
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Combining tSZ & kSZ measurements forecasts

Density

L
—— v, Polytropicindex

__—— «, Non — thermal pressure

—— ¢, Feedbackefficiency

i R200m

Pressure

| | |
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10"

0 [ Arcmin] Battaglia et al. 2017




Cosmological implications
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0o -y

- Pushing into the non-linear
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Cs(1)/Com(1)

Cs(1)/Com(1)

Cosmological impact of feedback
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— Rudd A

OWLS NOSN

Rudd CSF

—— Gnedin AD

- Gnedin CW

Gnedin CX

—— OWLS AGN

OWLS NOSN

- OWLS REF
- OWLS NOSN NOZCOOL

LSST/Euclid

—— Gnedin AD

- Gnedin CW

Gnedin CX

200

5000
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Which halos do we need to measure?

dominated by group-scale halos over relevant wavenumbers

].04 lllll 1

1000

4mk3P (k)

1

0.1 l

M > 1014 Msun/h
1014 Vsun/h >M > 1013 Msun/h

1013 Msun/h > M > 1012 Msun/h

Seljak (2000) Slide credit J. C. Hill

1012 Msun/h > M > 1011 Msun/h



Lensing is Low: Cosmology, Galaxy Formation, or New
Physics?

Alexie Leauthaud'?, Shun Saito®, Stefan Hilbert*®, Alexandre Barreira®, Surhud More?,
Martin White®, Shadab Alam”®, Peter Behroozi®’, Kevin Bundy!?, Jean Coupon®®,
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Cosmological Implications
LSST L,,,x =5000atz= 0.3 0.5 1.0
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“cumulative density profile”




Oth order modeling of the Baryons

fractional change in angular PS

PRELIMINARY
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The Simons Observatory
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Summary and Outlook

Growth of structure measurements
from tSZ and kSZ observations




Summary and Outlook

Growth of structure measurements

from tSZ and kSZ observations
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What are the potential
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Weak-lensing calibrations Y Competitive, independent,
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kSZ constraints will Push other probes
be limited by into non-linear regime






kSZ with LSST - projected fields approach
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kSZ with LSST - projected fields approach
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