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Abstract: <span>Galaxy clusters form from the rarest peaks in the initial matter distribution, and hence are a sensitive probe of the amplitude of
density fluctuations (sigma_8), the amount of matter in the universe, and the growth rate of structure. Galaxy clusters have the potential to constrain
dark energy and neutrino masses. However, cluster cosmology is currently limited by systematic uncertainties due to poorly understood intracluster
gas physics. | will present new statistical approaches to understand clusters and improve their cosmological constraining power through the thermal
Sunyaev-Zel'dovich (tSZ) effect. First, | will describe a forthcoming first detection of the cross-correlation of the tSZ signal reconstructed from
Planck data with the large-scale matter distribution traced by the Planck CMB lensing potential. This statistic measures the amount of hot gas found
in moderately massive groups and clusters (M ~ 10013-10"14.5 M_sun), a mass scale below that probed by direct cluster detections. Second, | will
describe the first measurement of the PDF of the tSZ field using ACT 148 GHz maps. This measurement contains information from all (zero-lag)
moments of the tSZ field, beyond simply the 2- or 3-point functions. It is a very sensitive probe of sigma_8 and may also provide a method with
which to break the degeneracy between sigma_8 and uncertainties in the physics of the intracluster gas.</span>
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~ The Sunyaev-Zel'dovich Effect

® Change in brightness of CMB photons due to inverse Compton
scattering off hot electrons in intracluster medium (ICM)

= Thermal (t5Z): caused by thermal motion of ICM electrons
= Kinemati : caused by b

® SZ: -AT below ~218 GHz
+AT above ~218 Ghlz

C
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The Sunyaev-Zel'dovich Effect

Change in brightness of CMB photons due to inverse Compton

scattering off hot electrons in intracluster medium (ICM)

- Thermal (t5Z): caused by thermal motion of ICM electrons
- Kinematic (kSZ): caused by bulk velocity of ICM electrons

tSZ: -AT below ~218 GHz o —
+AT above ~218 GHz /z ~
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The Sunyaev-Zel'dovich Effect |

Change in brightness of CMB photons due to inverse Compton

scattering off hot electrons in intracluster medium (ICM)

- Thermal (t5Z): caused by thermal motion of ICM electrons
- Kinematic (kSZ): caused by bulk velocity of ICM electrons
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scattering off hot electro

= Thermal (t5Z); caused by the
= Kinematic :

s In intracluster medium (ICM)
al motion of ICM electrons

® SZ: -AT below ~218 GHz
+AT above ~218 Ghlz
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scattering off hot electrons in intracluster medium (ICM)
= Thermal (£5Z); caused

therimal motion of ICM electrons
- Kinematic b

tSZ: -AT below ~218 GHz
+AT above ~218 Gz

AT 4864 ~ 1005 PK for massive clusters
Nearly redshift-independent

Integrated signal probes LOS integral

of temperature-weighted mass (total
thermal energy)

Found on arcminute angular scales in CMB
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The Sunyaev-Zel'dovich Effect
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The Sunyaev-Zel'dovich Effect

® Thermal SZ temperature shift at position ¢ on the sky with respect
to the center of a cluster of mass M at redshift z:
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The Sunyaev-Zel'dovich Effect

® Thermal SZ temperature shift at position ¢ on the sky with respect
to the center of a cluster of mass M at redshift z:

‘Compton y'

AT (0; M, ’
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" The Sunyaev-Zel'dovich Effect

® Thermal SZ temperature shift at position § on the sky with respect
to the center of a cluster|of mass M at redshift z:

“Compton-y™

AT(6; M, = Z
SEEALE a1, 2)
CI\V
tSZ spectral
function
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e Sunypev-Zel'dovich Effect |

® Thermal SZ temperature shift at position § on the sky with respect
to the center of a cluster|of mass M at redshift z:

AT(6; M, z) 4
— 0; M,
Torn g(v)N(8; M, z)

friesuil 0 g(u)/;%, / P.,\(tz + 8 (2)| 012 M, ) dl

Thomsoen ICM electron pressure profile
cross-section integrated over LOS

|
Gastrophysics
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Method |:find and count|clusters

- Goal: masses and redshifts (requires optical/IR follow-up)

- Cosmological analysis: direcdly reconstruct hale mass function

- Difficulties: obtaining accurjte masses + understanding selection function

Declination

R0° 10" we™not ar"o00"
Right Ascension Rl:l::. A:érnllun

Ao Tt s o

Page 31/162




= Goal: masses and redshifts (requires optical/lR follow-up)
- Cosmological analysis: direddy reconstruct halo mass function
- Difficulties: obtaining accurjte masses + understanding selection function
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Cosmology from Compton-y |

® Method |:find and count clusters
- Goal: masses and redshifts (requires optical/IR follow-up)
- Cosmological analysis: directly reconstruct halo mass function
- Difficulties: obtaining accurate masses + understanding selection function
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Cosmology from Compton-y |

Method Il: statistical approaches (power spectrum, bispectrum, ...)

- Goal: amplitude of temp. fluctuations due to tSZ as a function of angular scale
- Cosmological analysis: compare to halo model calculations or full simulations
- Difficulties: ICM electron pressure profile (theory); must separate signal from
other sources of CMB power (observation)
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Cosmology from Compton-y |

Method Il: statistical approaches (power spectrum, bispectrum, ...)

- Goal: amplitude of temp. fluctuations due to tSZ as a function of angular scale
- Cosmological analysis: compare to halo model calculations or full simulations
- Difficulties: ICM electron pressure profile (theory); must separate signal from
other sources of CMB power (observation)
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‘Cosmology from Compton-y =

® Method |I: statistical approaches (power spectrum, bispectrum, ...)
= Goaltamplitude of temp. fluctuations due to tSZ as a function of angular scale
- Cosmological analysis: compare to halo model calculations or full simulations
- Difficulties: ICM electron pressure profile (theory); must separate signal from
other sources of CMB powel (observation)
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from Compton-y )

Why adopt a statistical approach?

- no selection effect-related systematics (Malmquist or Eddington bias)
= no choice of “aperture” within which mass is measured
- no need to apply an averaged/universal pressure profile to individual objects

- signal s very sensitive to Of: rms amplitude of fluctuations on 8 h*' Mpc scale

- signal is very non-gaussian*{ hence many statistics to measure
- precise individual cluster mysses are expensive to obtain and subject to many
systematics
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Cosmology from Compton-y |

® Why adopt a statistical approach?
- no selection effect-related systematics (Malmquist or Eddington bias)
- no choice of “aperture” within which mass is measured
- no need to apply an averaged/universal pressure profile to individual objects
- signal is very sensitive to Og: rms amplitude of fluctuations on 8 h"! Mpc scale
- signal is very non-gaussian®, hence many statistics to measure
- precise individual cluster masses are expensive to obtain and subject to many
systematics
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Why adopt a statistical approach?

- no selection effect-related systematics (Malmquist or Eddington bias)
= no cholce of “aperture” within which mass is measured
- no need to apply an averaged/universal pressure profile to individual objects
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Cosmology from Compton-y |

® Why adopt a statistical approach?
- no selection effect-related systematics (Malmquist or Eddington bias)
- no choice of “aperture” within which mass is measured
- no need to apply an averaged/universal pressure profile to individual objects
- signal is very sensitive to Og: rms amplitude of fluctuations on 8 h"! Mpc scale
- signal is very non-gaussian®, hence many statistics to measure
- precise individual cluster masses are expensive to obtain and subject to many
systematics

W+ 1Ct_ g0 “‘KQFEJ( Oy h )‘2 <T3> o [O_é()—ll.sj

2m 0.035

Pirsa: 13110081 Page 43/162



Cosmology from Compton-y |

® Why adopt a statistical approach?
- no selection effect-related systematics (Malmquist or Eddington bias)
- no choice of “aperture” within which mass is measured
- no need to apply an averaged/universal pressure profile to individual objects
- signal is very sensitive to 0g: rms amplitude of fluctuations on 8 h"! Mpc scale
- signal is very non-gaussian®, hence many statistics to measure
- precise individual cluster masses are expensive to obtain and subject to many
systematics
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Thermal SZ Power Spectrum |

® First: compute the Fourier transform of the y-profile of each cluster

. . FT.
Gastrophysics y(0: M, z) — Ge(M, 2)

® Then:add up the contributions from all clusters in the universe

| 12V dn . y "
(jvy,]h — /d C /dﬂ/j ~ 1/13 > 2 (“one-halo
¢ = ] Yada ang [9eM; 2)] term)

, _ halo mass function
comoving

volume per l

steradian CosmOIOgY

(“two-halo” term
also included in
results)

eJojejoje]o]ol
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Thermal SZ Power Spectrum |

® First: compute the Fourier transform of the y-profile of each cluster

FT.

Gastrophysics y(0: M, 2) = §¢(M, z)

® Then:add up the contributions from all clusters in the universe

| 1°V dn . y "
(jvy,]h . /d ( /dﬂ/] 7 1’1, > 2 ( one-halo
0= | T an | Mgy 196 2)] term)

_ _ halo mass function
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(“two-halo” term
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results)
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ICM Gastrophysics |

® |CM to lowest order: hydrostatic equilbrium between gas pressure
and DM potential; gas traces DM; polytropic EOS (Komatsu-Seljak)

({]).qu.s("') ) (Z(I)])j\l (’)

— u.w(f
dr 7 dr

® Problems: central cooling catastrophe, non-convergent profile at edge

R

B (2010)
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® Then:add up the contributions from all clusters in the universe

Cq.lh fdz /dMW hl!(M z l (“one-hale"

term)

comoving / halo mass function
volume per g b

(“two-halo™ term

steradian Cosmology also included in
results)
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ICM Gastrophysics

ICM to lowest order: hydrostatic equilbrium between gas pressure
and DM potential; gas traces DM; polytropic EOS (Komatsu-Seljak)

AP,y (r

i

® Problems: central cooling{catastrophe, non-convergent profile at edge
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ICM Gastrophysics

® ICM to lowest order: hydrostatic equilbrium between gas pressure
and DM potential; gas traces DM; polytropic EOS (Komatsu-Seljak)

Additional physics needed:

- Formation shock heating

- Star formation, supernova feedback, cosm ,
-Active galactic nucleus (AGN) feedback: can h

-Turbulent (non-thermal) pressure support: suppre
- Magnetic fields, plasma instabilities

 al ,j}i}igl
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ICM Gastrophysics

® ICM to lowest order: hydrostatic equilbrium between gas pressure

and DM potential; gas traces DM; polytropic EOS (Komatsu-Seljak)

Problems: central cooling|catastrophe, non-convergent profile at edge

Additional physics needed:
- Formation shock heating

- Star formation, supernova feedback, cosmic rays
-Active galactic nucleus (AGN) feedback: can heat gas or expel it from cluster
- Turbulent (non-therma

I) pressure support: suppresses tSZ. signal
- Magnetic fields, plasma instabilities
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Gastrophysics

® Model adopted in this wark/talk: parametrized “GNFW" fit from
Batraglia et al. simulations| (GADGET SPH + sub-grid AGN feedback)
fesimil P‘h(: . E x ‘ .
selfssimila ¥
= :::'ESSUN ﬂm.c B

(radius within which avg density is 200p.,)

® Po, %, [ are fit to power-laws in M
and (1+z) -- capture deviations from
self-similar profile (energy injection,
nonthermal pressure support, etc.)
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ICM Gastrophysics

® Model adopted in this wark/talk: parametrized “GNFW" fit from
Batraglia et al. simulations| (GADGET SPH + sub-grid AGN feedback)

self-similar pressure
at I"l':n
(radius within which avg density is 200p.)
® Po, X, [ are fit to power-laws in M
and (l+z) -- capture deviations from

self-similar profile (energy injection,
nonthermal pressure support, etc.)
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ICM Gastrophysics

® Model adopted in this wark/talk: parametrized “GNFW" fit from
Batraglia et al. simulations| (GADGET SPH + sub-grid AGN feedback)

Pulz) _| P (z/ze)
self-similar pressure

ey V@ B rfrag .
at 00 e oo (L4 (2/2)°) o

(radius within which avy density is 200p,)

® Po,x, B are fit to power-laws in M
and (1+z) -- capture deviations from o
self-similar profile (energy injection, g
nonthermal pressure support,etc) &'

Agrees well with all existing pressure '
profile observations (no tuning
required) -- REXCESS (Arnaud),
Planck stacked profile, Planck Coma

;
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® Model adopted in this wark/talk: parametrized “GNFW" fit from
Battaglia et al. simulations| (GADGET SPH + sub-grid AGN feedback)
Pun(z) _

selfssimilar pressure_, Phog
at rao

(radius within which avg density is 200p.)

® Po, X, [ are fit to power-laws in M
and (1+z) -- capture deviations from
self-similar profile (energy injection,
nonthermal pressure support,etc.) &'

Agrees well with all existing pressure  "*'f s
profile observations (no tuning e
required) -- REXCESS (Arnaud), 3 !

Planck stacked profile, Planck Coma L
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Thermal 5Z Power Spectrum
SZPS
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+ WP+ Highl, 0,
3+ WP+ Highl, A,
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B Thermal 5Z Power Spectrum
SZ PS

100

w— Planck C4il. XX12013 i
s Manck CHIL XVI 2013 + WI' + Highl, o,

— Planck CHIL XVI 2013 « WP + Highl, A,
— 1nPrss 2010

e BIPS 20)2 4 zeut comection

G I+ 1)/ 2x [ pK' | at 143 GHz
)

1000 10000 MU -§

» - . - \
What is the origin of the discrepancy between the measured o8
signal and predictions based on primordial CMB constraints?
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Thermal 5Z Power Spectrum =
. SZPS

— Planck C4ill, XX12013
s PManck Call, XV 2013 + WP + Highl, o,

100 Planck ClL XVI2013 + WP Highl, A,
. BBPSS 2010

— BIPS 2012 + 2eut comection

G K+ 1)/ 22 pK’ | = 143 GHz

N

What is the origin of the discrepancy between the measured t
signal and predictions based on primordial CMB constraints?
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B Thermal 5Z Power Spectrum
(SZ PS

— Planck Chll. XX1 2013
s Planck Il XVI2013 + WP « Highl, o,
100 Planck Il XVI2013 + WP o Highl, A,,,
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— BOPS 2012 + 2eut comection
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N

Wh.at is the origin of the discrepancy between the measured t
signal and predictions bsed on primordial CMB constraints?
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B Thermal PZ Power Spectrum
SZ PS

— PMlanck Cll, XXI1 2013
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What is the origin of the discrepancy between the measured S8
signal and predictions based on primordial CMB constraints?
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B Thermal Z Power Spectrum
SZ PS
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signal and predictions based on primordial CMB constraints?
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tSZ PS
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signal and predictions based on primordial CMB constraints?
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Thermal SZ Power Spectrum |
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Thermal SZ Power Spectrum |
(SZ PS|

C,I(I+1)/2n [ uK’) at 143 GHz
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Thermal SZ Power Spectrum |

tsz PS —0 Planck Coll, XX12013
Planck Coll. XV1 2013 + WP + Highl, o,
10.0} — Planck Coll. XVI 2013 + WP + Highl, A,

— BBPSS 2010
BBPS 2012 + zcut correction

C,I(I+1)/2n [ uK’) at 143 GHz

1.0}
courtesy of |
0.1L : — ,NZBat,ta.gl.'?_ .
10 100 1000 10000 Multipole

!

What is the origin of the discrepancy between the measured tSZ
signal and predictions based on primordial CMB constraints?
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What is the origin of the discrepancy between the measured tSZ
B constraints?
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signal and predictions based on primordial CMB constraints?
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tsz PS — Planck Coll. XX12013
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Thermal SZ Power Spectrum |
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Thermal SZ Power Spectrum |
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" Thermal|SZ x CMB Lensing

® Cross-spectrum can be derived similarly to tSZ auto-spectrum

® Need the Fourier transform of both the y-profile and ¢- (lensing
potential) profile (e.g., computed from NFW) for ea
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Thermal SZ x CMB Lensing |

® Cross-spectrum can be derived similarly to tSZ auto-spectrum

® Need the Fourier transform of both the y-profile and @- (lensing
potential) profile (e.g., computed from NFW) for each halo
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Thermal SZ x CMB Lensing
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lensing
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cross-spec)
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Mass/Redshift Contributions |
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Measurement

Cross-correlate a Compton-y map
with a CMB lensing potential map.
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Measurement

Cross-correlate a Compton-y map
with a CMB lensing potential map.
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D.l.y-Map

ILC Compton-y Map

weights:

100 GHz: 0.46
143 GHz:-1.0
217 GHz:0.54

353 GHz:0.00032 o NN T
545 GHz: -0.0028 R fy ~ 0.25
JCH & Spergel ['_I.H .i;,f):f't R 7 B
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Thermal SZ temperature shift at position § on the sky with respect
to the center of a cluster|of mass M at redshift z:

“Compton-y"

7 4
STt )

Teus
tSZ spcctral/ ar =
function b Q(U)/Tm f Pc\( 12+ d?d,(z)|912§ M, Z) dl

Thomson ICM electron pressure profile '
cross-section integrated over LOS

|
Gastrophysics
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D.l.y x CMB Lensing
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D.l.y x CMB Lensing |

' Main contamination worry: cosmic infrared background (CIB)

----------------

® Correlates very strongly with CMB lensing

t 4 0 vaocwaaganm P . ., ..
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tSZ x CMB
Lensing PS

N

Interpretation: Gastrophysics |
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Interpretation: Gastrophysics |

m m tSZ x CMB lensing (re-binned) Arnaud + HSE bias=10%
6 le-11 | == fiducial (AGN feedback) Arnaud + HSE bias=20%
adiabatic = = Arnaud + HSE bias=45%
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tSZ x CMB
Lensing PS
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Interpretation: Gastrophysics |

m m tSZ x CMB lensing (re-binned) Arnaud + HSE bias=10%
6 le-11 | = fiducial (AGN feedback) Arnaud + HSE bias=20%
adiabatic = = Arnaud + HSE bias=45%
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Lensing PS
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Interpretation: Cosmology

L2 Planck CMB PSZ Clusters+BAO+BBN 3 tSZ x CMB lensing o, 517
L2 WMAPY CMB 3 tSZ x X-ray o, (2" 3 tSZ auto o, 7
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Interpretation: Cosmology

L Planck CMB PSZ Clusters+BAO+BBN 3 tSZ x CMB lensing «, 517
L WMAP9 CMB 3 tSZ x X-ray o, 00" ) tSZ auto o, 07
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Thermal SZ Power Spectrum |

SZ PS[ e |
g | — S S — gastrophysics model is
——1 fixed (Arnaud); no
variations considered
N l ~multipole
" 10° 10’
o (2, /0.28)% 251 = 0,784 + 0.016 Planck+WP CMB:
12.30 detection 0.868 = 0.013
foreground uncertainties dominate the errors
| j »,
ois
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Interpretation: Cosmology

L Planck CMB PSZ Clusters+BAO+BBN 3 tSZ x CMB lensing o, 517
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Interpretation: Cosmology

L2 Planck CMB PSZ Clusters+BAO+BBN 3 tSZ x CMB lensing », 517
L2 WMAPY CMB 3 tSZ x X-ray o, (2 3 tSZ auto o, 7
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L™ Planck CMB Planck tSZ Clusters+BAO+BEN 3 1SZ x CMB lensing
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Interpretation: Cosmology

L™ Planck CMB
LY WMAPS CMB

Planck tSZ Clusters+BAO+BBN
] tSZ x X-ray

[ tSZ x CMB lensing
= tSZ auto
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== fiducial (1h)
~= Tiduclal (2h)

tSZ x CMB
Lensing PS

1400
multipole

Direct confirmation that hot, ionized gas traces dark
matter over a wide range of scales.
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Beyond the Skewness
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I'uK) Filtered Pixel Temperature

Why not compute the PDF itself? Have we
used all of the information?
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