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Outline 3

e Great introduction and theory overview by Massimiliano!
* Premise: Current constraints

e Statistical methods

 Baryons: Challenge or opportunity?

 Where we’re going with SZ effect cosmology
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Sum of Neutrino Masses from CMB %

* Presence of massive neutrinos
change the angular diameter
distance that is degenerate
with HO (Planck 18 VI)

* Mapping to low-z amplitude os
also changes

* Therefore, combine with

* BAO

_ow-z LSS probe

HO (caution)
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Obtaining Neutrino Constraints 7

B SPTcl
Planck
B Planck+SPTcl

e Primary CMB and LSS probes 0 | |
provide weak constraints on their 8 T | ]
own S | _

=

e For primary CMB, neutrino g - }
properties are degenerate with os s+ | -

E | | | \ F
 Break that degeneracy e.g., by %) 6 AL AD bl<
analyzing CMB + cluster abundance Q0 Qf\ Qf\ Q2

e (Other approaches are: CMB Os
lensing, BAO, Ho) Example from Bocquet+19
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Robustness to Choice of Cosmology S
& © vanilla
o O +9
. “y O +Wp
Allowing for additional freedom o O +Neg
. . o O +r
in the cosmological model
(curvature, dark energy equation @
of state, Netr, r) does not 3
significantly degrade the S
constraint on 2my (Mantz+15). o
S | | | | | |
0.0 0.1 02 03 04 05 0.6
>m, (eV)
]Planck+WlP
1.5F SPT,, +Planck+WP
SPT,+Planck+WP+BAO
1.2t SPT.+Planck+WP+H,+BAO A
Simultaneous constraints on % 09|
>my and Nett (de Haan+16) S|
0.3F
0.0+ ' '
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Methods: Self-Consistent, Data-Driven Statistical
Modeling Framework

(Hierarchical Bayesian modeling for the cool kids)



Basics of Cluster Cosmology _

e Halo mass function is
extremely sensitive to

Vikhlinin+09 -

cosmology 1075 ¢ .
* Measure cluster masses and 7107 E
redshifts =
< 1077 _
e Compare mass function I, |
measurement with model =10 | E
prediction of -
1077 & 2=0.025-0.25 E
F 2-0.35-0.90 -
* Done o N RN
1014 1 1015
Msoo, Hh™ Mo
e _..Ornot?
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Observed Clusters # Simulated Halos ®

In practice:
Empirical calibration of observable —mass relations

Credit: ~NASA,.ESA, the Hubble Heritage Team (STSE:I/AURA), J.”

‘ Blakesl NRC . H&rzbetg Astrophysics P Domini
Koekemoer, and the HFF Team (STScl) , . Credit: NASA/CXC/Cinestav/T.Bernal et al. A S O LD RS, R

Credit: NASA, ESA, *and J. Lbtz,"M. MouMtain, A. .

htt[?: / /www.spacetelescgpe.org/lmage's/ heic1 4013/ wwi Bacetelescdbe. o /images/ beicl 3172
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http://www.spacetelescope.org/images/heic1401a/
http://www.spacetelescope.org/images/heic1317a
http://www.spacetelescope.org/images/heic1317a

Cluster Cosmology Calls for Forward Modeling ",

Halo Mass Function
Abundance dN/dM/dz
from numerical simulations

l

Observable—Mass Relation
Statistical description
P(obs | mass, redshift)

l

Model prediction in Observable-Space
dNmode/dobs/dz

l

Likelihood

T

Observed Distribution in Observable-Space
dNdata/dobs/dz
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Mass Proxies (correlate with halo mass) %

Accuracy

o SZ effect and X-ray Yx

e Small intrinsic & measurement
scatter < 20 %

e Systematically limited by our
(lack of) understanding of gas
physics in clusters

* Weak gravitational lensing
e Measures total mass

Precision

Sebastian Bocquet - LMU Munich

e Mass modeling in N-body
simulations

e %-level systematics

e Large intrinsic & measurement
scatter > ~30 %
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Weak-Lensing Bias and Scatter *

* WL is a biased mass estimator
(with intrinsic scatter) because
we fit an NFW profile
° M aSS m O d el i n g gﬁzarl(r:enzfazit;;rlea;tic 2(\7: Amplitude uncertainty ;[; Qmplitude Uncertainty
Photometric redshifts 3% 2.6%
. . Modeling systematics 2% 0.73%
® N FW prOfI |e m ISmatCh Cluster trgiaziality 2% 2.0%
Line-of-sight projections 2% 2.0%
. . Membership dilution + miscentering < 1% 0.78%
* Miscentering TS e g o

Total 11.2% 5.0%

* Correlated LSS DES Y1: 4.3% systematic uncertainty (McClintock+19)

e Other systematics:

e Cluster member
contamination

 Shear and photo-z bias
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Premise & Modeling Framework *

e Cluster cosmology is a modeling challenge.

Be explicit about your assumptions!

We will not
e assume hydrostatic equilibrium

e consider a hydrostatic bias extracted from hydro simulations (let’s discuss their predictivity/
validation over coffee/beer!)

We wiill trust our intuition (and decades of research) that
e cluster mass proxies correlate with mass

e Mean observable—mass relation is well described by a power law in mass and redshift (with
unknown parameters)

e weak gravitational lensing measures halo mass on average with %-level systematic
uncertainty (more on [known] biases later)
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2500 deg? SPT-SZ Survey Cluster Catalog ’,%%
and Multi-Observable Follow-up Data L7

|
SPT-SZ 2500deg’? % Bleem+15

§ X-ray (89, XVP) @ McDonald+13,17
EO WL (Megacam-19) A Dietrich, Bocquet+19
~ WL (HST-13) [ Schrabback+18
s
v
s
®

102 -
E 101 -
=

100 -

0.25 050 0.75 1.00 1.25 1.50 1.75
Redshift

Sebastian Bocquet - LMU Munich 13 Towards the Coordination of the European CMB program



. - R
Multi-Observable—Mass Relation 7
e.g., Bocquet+19 \'Z

_ Covariance matrix
Mean relations

2rnulti—obs —
2
Oln¢ PSZ—WLOIn¢(OWL PSZ—X01In(¢01In Yx

2
PSZ—WLOIn (OWL OWTL, PWL—-XOWLOIn Yx

2
PSZ—XO0In¢O0lnYx PWL-XOWLOIn Yx Oln Yx

Ms00c hro
1 —InA Bar 1
SZ  (In¢) =InAsz + Bszn (4.3 « 1014 M,

Gl (EE«(M)»)

(1)

(4)

| ( Ms00c hro
n

—1In Ay, + By, (In Y3
8.37><1013M@> n Ay + Br (In Yx)

X-ray ho/2

B 1 70
B <3 x 104 MokeV

+ Cyy In E(2)

Multi-obs relation
M, z, p) =

(In¢)(M, z, p)
N( <lnMWL>(M,Z,p) ,Zmulti—obs)
(InYx)(M,z,p) |

<1Il MWL> = In bwr, + In M5p0..

Sebastian Bocquet - LMU Munich 14 Towards the Coordination of the European CMB program



Multi-Observable—Mass Relation “ 7
e.g., Bocquet+19 R/

_ Covariance matrix
Mean relations

Sz ¢ s (B (oeiie
D (509)

1 —1 Y:
! (8.37 x 1013M@> ' Jo Y

15/2

PSZ—WLOIn¢(OWL PSZ—X01In(¢01In Yx

2
PSZ—WLO1In (OWL W1, PWL—-XOWLOInYx |

2
0SZ—-XO0In¢O0lnYx PWL-XOWLOIn Yx Oln Yx

(1)

Multi-obs relation
M, z, p) =

3 X 1014M@keV
@ZE

(In¢)(M, z, p)
N( <lnMWL>(M,Z,p) ,Zmulti—obs)
(InYx)(M,z,p) |

<1Il MWL> = 1 In M500c-

3 + 3 + 1 parameters for mean relations
3 + 3 parameters for covariance matrix (correlated intrinsic scatter)
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Forward-Modeling Analysis Strategy

e.g., Bocquet+19

__w 5L Effect

[ Scaling Relations
—| Unknown Parameters |\~ X-ray
-\.——,,,

o Mass
, —(Known (simulations)] Weak Lensing
Mass Function ) ™ Shear Profile

dN/dM/dz
Q‘ Photo-z

S, Redshift
Spec-z

Cosmology =—bm-

Use the known relation
mass -> weak lensing shear profile
to calibrate
mass -> SZ effect and mass -> X-ray

Simultaneous analysis of all observables to capture all covariances
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Likelihood Function in Observable Space

Poisson likelihood for cluster abundance XIS>e5Ie<Z:’;|8 25
—. dN(& z,p), dAN(E, 2,7))
ln£ Z In dfd? £z // dgdZ@survey dgdz }
+ | ZP Yx,gtlfg,zg ﬁ)‘yx | Gbs
Mass calibration
P( obs,g%)bsm-7 7p
dN (&, 2| p)
= / / AM d¢ [ P(E[Q)P(CIM. 2. p) / / / / M d¢ dYx dMwr |
dN(MaZ\P)Q(Z )] P(YR™®Yx)P(gp" | MwvL)P(£[C)
dMdz ’ P((, Yx, Mw1|M, z,p)P(M|z,p) |
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LCDM with varying sum of neutrino masses %5

Bocquet et al. 2019ApJ...878...55B

e Wide flat priors on SZ scaling
relation parameters fully
encompass posterior

e Cluster constraint statistically
limited by mass calibration:
need more (weak lensing)
data! (currently 32 clusters)

e 1.5 g agreement with Planck
TT+lowTEB

Sebastian Bocquet - LMU Munich 18

0.961
0.881
S 0.80-
0.72-

0.64 -

Planck15
KiDS+GAMA

WtG
SPTcl

O
¥

0.20 0.25 0.30 0.35 0.40 0.45
Qm

Towards the Coordination of the European CMB program


https://ui.adsabs.harvard.edu/#abs/2019ApJ...878...55B/abstract

Neutrino Masses

Bocquet et al. 2019ApJ...878...55B

‘*’0, /7/

.- al

Bl SPTcl
i Planck
B Planck+SPTcl

0.84}
. 0.78
o)

0.72

0.66

0.8
0.6
= 0.4
0.2

[eV]

2m

| 1

Q\p&u&m P AL o Q’LQu Qb o

zm,[eV]

6.4 -

5.6

4.0

3.2

0.00 0.15 0.30 0.45 0.60 0.75
zm,[eV]
Sebastian Bocquet - LMU Munich

Combination with Planck primary CMB
measurements yields 2 o preference for non-zero sum
of neutrino masses

Again, limited by mass calibration uncertainties

Using T prior from Planck 2018 gives 1.7 o preference

Using only the z < 0.6 cluster sample gives no
preference for non-zero sum of neutrino masses

19

-----

-----

.* .
.

' z< 0.6 clusters
"TTRsS T prior

fiducial

L]
a
L]
"a

0.0
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https://ui.adsabs.harvard.edu/#abs/2019ApJ...878...55B/abstract

Outlook for SPT Cluster Cosmology X

* Weak-lensing mass calibration of SPT clusters
e Currently limited by number of WL observations

e Use overlap of SPT and the Dark Energy Survey (DES) to get WL data for all SPT clusters
at z <~ 1 (Paulus+, Bocquet+, both in prep.)

Ongoing HST programs for high-z clusters (Schrabback+)

CMB lensing
* SPTpol (2nd generation camera) analyses ongoing
* Wide survey extension (another 2700 square deg: SPTpol-ECS, Bleem+ to be submitted)
* Main, deep fields: Push to lower-mass clusters (more abundant)
* Deepest 100d catalog is published: Huang+19
 SPT-3G: ongoing, deep 1500 square degree survey

e Planck + SPT-3G clusters: a(Zm\) ~ 0.06 eV
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Baryons: Challenges and Opportunities



Baryons and the Halo Mass Function “/

e At fixed halo mass, feedback

processes change the abundance (e.g.,
Cui+12, Cui+14, Cusworth+14, Martizzi+14,
Velliscig+14, Vogelsberger+14, Schaller+15)

* Hydro effects are important for

upcoming studies using

M< ~1e14 Msun

* From Magneticum Pathfinder: for
eROSITA, bias in Qm as large as total

error
(Bocquet+16, Dolag+16)

0.5
0.0 HB#YE Ll -M-“#'FS

-0.5
0.5
- \elliscig+14
0.0 7 wwess Magneticum 7]
-0.5 ~ —
1013 1014 1013
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L | |
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o
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Biases if effect of hydro is
ignored for eROSITA-like surveys!
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Baryons and Halo Profiles *

rin=0.25Mpc, 0. =.25

1.2
e For weak-lensing analyses: need mapping © 1(1)‘
from halo mass to (projected) mass profile < ool
B 08~
* N-body simulations sufficient for mapping E 2;' , _ L
halo structure outside of the core S 06
_ E 0.5~ _-: 2?31:1)8.0
e Hydro effects most important for 304 .
0.3 =
r<~100kpc B ook tus
2o01p I -3
(11 : b} ) B 1 1 I | I
e “Trick”: Impact of hydro effects can o 0 o 1075

effectively be captured by a change in

hal trati
o concentration Fig.: Choice of sub grid physics

* No need to calibrate that change in model not important if concentration
concentration if we treat it as free is a free parameter (Lee+18)
parameter
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Cluster Constraints on Feedback Models ",

* At high k, correlation function analyses are limited by
uncertainties in feedback models

* We study the relation between halo mass and gas

observables (X-ray gas mass (fraction), X-ray temperature,
SZ effect)

e \alidation dataset for hydro simulations

* Measured cluster profiles can directly feed into
“baryonification” models (e.g., Schneider+19)

Sebastian Bocquet - LMU Munich 24 Towards the Coordination of the European CMB program



Where we are going



Cosmology Dependence of Halo Mass Function *

Mira-Titan Universe
Qmh? Planck + BAO

e Current “universal HMF” approach:
extrapolate cosmology dependence

* Better: Use emulators to interpolate
between numerical simulations of
different cosmologies (for HMF:
McClintock+18, Nishimichi+19)

e Mira-Titan Universe: first emulator suite
to include massive neutrinos and
dynamical dark energy (Heitmann+16)

e Use 111 (2.1 Gpc)3 and (5 Gpc)3
simulations covering 8 cosmological
parameters and interpolate using
Gaussian process
(Bocquet+ to be submitted)

* Percent-level accuracy

S° O O

> O B o
B P
DA R G N NS NS N

S © S
' F
S

Sebastian Bocquet - LMU Munich 26 Towards the Coordination of the European CMB program



SZ Effect-Selected Cluster Catalogs |,
,Icz
Planck-DR2 E 10 15 20 257
ACT S_fo Redshift
ACTPol-ED56 A
SPT—SZ 2500 deg? S L
Lo SPTpol 100 deg®  |] = e
l:'(; eRosita Projection 1} +{§;+z+ o
S R 2N T T TR TR |
3 00 05 1.0 15 20 25
— 8" o v _.--"7] L. Bleem Redshift
§ - ’Y - Vv V |
S A v
Madhavacheril+17 == ss10
104 4 T 54 1.5'
_ _'- ...'l 54 2.0'
Huang+19 _10%; "l... = 250
1 1 L’ 1 1 1 1 1 1 L\I, :— ..
02 04 06 08 10 12 14 16 < 10%; ol I
Redshift o o
e Planck DR 2 ~1700 clusters !
0.
e ACT + ACTpol ~270 Y50 o5 10 15 20 25 30
Z
e SPT-SZ + SPTpol (deep 100d, shallow 2700d) ~1e3 L2
clusters i
'(-% 10!- .......||lllllllll
e advACT and SPT-3G will each detect several 1e3 | _mmm==mEE

_ _ 00 05 10 15 20 25 3.0
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CMB Cluster Lensing .

e CMB lensing not affected by
galaxy lensing systematics such as
shear or photo-z calibration B

Mass constraints of clusters using CMB lensing

* Measurements now routinely
performed using Planck, ACT, SPT
temperature data

10° u

* CMB lensing using polarization
detected (SPT, Raghunathan+19)

Fractional mass uncertainty [AM/M %]

-{)= 1.4’ - Polarisation —4— 1’ - Polarisation
-0O-' 1.4’ - Temperature —8— 1’ - Temperature

1o~ 10|—1 | | | | — 1(|)0
<~ Noise A1 [uK']
I, \\ — Clusters .
2 - Q- Future of CMB lensing
SPTpol T .
\ 23 DES (Basu+19, Delabrouille+19)

Data

Normalized £

Mo2oom [10'* Mg)]
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CMB lensing-calibrated cluster cosmology N

* First self-consistent cluster
cosmology with mass
calibration from CMB lensing
(Zubeldia & Challinor 19)

e Cluster sample and lensing
from Planck data

Sebastian Bocquet - LMU Munich
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Growth of Structure: Present and Future
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Sum of Neutrino Masses: Future

CMB lensing

| = s4

| mmm S4+DESI

mmm S4+DESI+0(T) = 0.006
S4+DESI+0(7) = 0.002

m, my+w Imy+w+w,

Galaxy lensing (LSST)

| Il S4+DESI

I 5S4

Bmm S4+DESI+o(t) =0.006
S4+DESI+o(t) = 0.002

m, My+w Imy+w+w,

CMB+gal lensing

| mm s4
| mmm S4+DESI

s S4+DESI+o(t) =0.006
S4+DESI+o(t) = 0.002

zm, my+w Imy+w+w,

Bottomline (reminder): constraints on sum of neutrino masses do not significantly
degrade when opening up cosmological parameter space (Madhavacheril+17)
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'Datafdriven cosmology from SZ

effect-selected galaxy clusters

e Multi-observable modeling
framework

e Weak-lensing mass

calibration . .

Galaxy WL samples are
expanding thanks to the Dark
Energy Survey, KiDS, HSC

CMB lensing is catching up!

First CMB stage 2 catalogs are
available

Expect tremendous
iImprovements!




