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Massive Halos = 1014 Msun
... trace the large-scale structure
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Cluster

The most massive collapsed objects =1014 Mo

 Composition
e 85—90% dark matter
* 10—15% ordinary matter, of which

 ~ /5% (gravitationally heated) gas

« Somewhat arbitrary (but useful) definition

 Halo = entire thing

* Cluster = galaxies & gas (what we see)

Bullet Cluster. X-ray: NASA/CXC/CfA/M.Markevitch, Optical and lensing map:

NASA/STScl, Magellan/U.Arizona/D.Clowe, Lensing map: ESO WFI _ _
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Halo Mass Function

Impact of changing dark energy equation of state parameter by 0.1
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Back to reallty
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“Halo Observable Function”

de Haan+16
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http://www.spacetelescope.org/images/heic1401a/
http://www.spacetelescope.org/images/heic1317a

halo observable function

de Haan+16

Observable vs. Mass
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SPT Clusters with DES and HST Weak Lensing. l. Cluster Lensing and Bayesian Population Modeling of Multi-
Wavelength Cluster Datasets

Bocquet, Grandis, Bleem, Klein, Mohr, DES, SPT

(arXiv:2310:12213 — Phys. Rev. D 2024, 110, 083509)

SPT Clusters with DES and HST Weak Lensing. ll. Cosmological Constraints from the Abundance of Massive Halos
Bocquet, Grandis, Bleem, Klein, Mohr, Schrabback, SPT, DES
(arXiv:2310:12213 — Phys. Rev. D 2024, 110, 083510)

Image credit: SPT 2018 winter-overs Adam & Joshua



The South Pole
Telescope (SPT)

10-meter sub-mm quality
wavelength telescope

90, 150, 220 GHz and
1.6, 1.2, 1.0 arcmin resolution

_~~ 2007: SPT-SZ
y 4 960 detectors
f 00,150,220 GHz

' 2012: SPTpol
1600 detectors
90,150 GHz
+Polarization

\i\\ T-3G B i e
~15,200 detectors - B o e
90,150,220 GHz
+Polarization | et 1 18
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Find clusters .
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i selection of cluster candidates ‘
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Why use SZ-selected clusters?

Three approaches: X-ray,
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Redshift

ical, SZ

Weinberg et al. 2013
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SZ: clean, well-understood selection

Complementarity with other methods

Kéruzoré et al. 2023
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- SPT-SZ & SPTpol-ECS
—— SPTpol-500d

o

1.0 1.5
redshift z

How to confirm SZ candidates?

Measure richness (=number of cluster

member galaxies)
and redshift

Get rid of chance associations
(with SPT noise fluctuation)

12

Calibrate probability of chance association
by measuring (A, z) at random locations

Establish Amin(2) to achieve target purity (> 98%)
(Klein+18,24; Bleem+24)



Mass Calibration |

How do the observables relate to halo mass?

 We could use predictions from first principles (e.g.,
hydrostatic equilibrium) or numerical simulations

 Systematically limited by uncertain astrophysics

 Weak-lensing-to-mass relation is known within few percents

AstroParticle Symposium 2024 13

|dealized (exaggerated) situation

Unlensed

Lensed

By TallJimbo - Own work, CC BY-SA 3.0, https://commons.wikimedia.org/w/

index.ohp?curid=4150002
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(b) Tangential shear profile of SPT-CL J0254—5857.




Mass Calibration Il. Weak Lensing

Robust observable —mass relations

 We could use predictions from first principles (e.g.,
hydrostatic equilibrium) or numerical simulations

 Systematically limited by uncertain astrophysics

 Weak-lensing-to-mass relation is known within few percents

¢ Used to demonstrate that hydrostatic mass # halo mass

> With lensing measurements of sample clusters, we
empirically calibrate the observable—mass relations
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The Dark Energy Survey %

5000 deg? galaxies & weak lensing

Catalog of SPT-selected cluster
candidates needs

* Confirmation

* Cluster redshifts

 Weak-lensing (mass) measurement
all of which DES was designed for

(here we use DES Year 3 data = Y3)

AstroParticle Symposium 2024 15 Image credit: CTIO/NOIRLab/NSF/AURA/D. Munizaga


https://www.nsf.gov/

SPT Clusters and the Dark Energy Survey

3,600 deg? overlap
6h
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0° L. = SPT-3Z Bocquet+24l|
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SPT(SZ+pol) Cluster Sample

1,005 confirmed clusters above z > 0.25 over 5,200 deg?

150 - 125 -
107 - 100 -
100 - :
N G _ <~ 75-
= = Lol - =
50 - ? >0
25 -
0 _
O I I I 10 - Pt ' ' ' I O I |
0.5 1.0 1.5 5 10 50 0 100 200
redshift z SPT SNR & richness A
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Cluster lensing analysis

Shear profiles

I
o
=

|

reduced tangential shear g;
o
o

» Almost 700 SPT clusters (redshift 0.25—0.95) with DES Y3 shear 0.5 1.0 1.5 2.0 2:3

radius [h~*Mpc]
 For the experts: Bocquet+24ll
0.06
: . . . —— 0.5,£=5.6
* Analysis uses individual cluster shear profiles (Stacks are 0.05 - —— §z0.5,€<5.6
shown for visualization purposes) = - 2205256
5 0.04 7 2=0.5 <56
* Same source selection as in DES Y3 3x2pt S 0.03-
Z SNR = 32
 Same photo-z and shear calibrations o 0.02-
o Radial range: 0.5 < r[h-"Mpc] < 3.2/ (1 + 2) - 001-
(avoid cluster centers, stay in 1-halo term regime) 0.00 dmrremeeee e
S _
. 39 high-redshift clusters (redshift 0.6 —1.7) with s
the Hubble Space Telescope S 0.00 -
Schrabback+18, Schrabback,Bocquet+21, Zohren,Schrabback,Bocquet+22 7 _
G —-0.01 - .

25 50 7.5 100 12.5 15.0
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Likelihood Function |

Bayesian Population Modeling

Let us generate a cluster dataset!

cosmological astrophysical observational
observable —mass telescope, detector,
relation atmosphere, etc.
d’N(p) dV(z,p) Poisson draw OMR + scatter measurement noise
>{M,Z} ){Ca/laMWLaz} ){éa/tgtaz}
dM dzdV  d€2

Differential multi-observable cluster abundance

d*N(p) B - -
dédidg dz) J o JdeC dA dMy, dQ2 P(E|O)P(A|)P(g, | My )P(C, A, My | M, z,p)

d*N(p) d*V(z,p)
dM dV  dz d€,

marginalize over

latent variables
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Likelihood Function I
Poisson likelihood function: Z(k events | rate ) x u*e ™ = In % = kln(u) — u

d*N(p)
dé d) dg, dz

d*N(p)
—|... |dédAdg, dz O.(&, 4,2) + const.
dédA dg, dz

In Z(p) = ) In

Cishin81.in%i
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Likelihood Function I
Poisson likelihood function: Z(k events | rate ) x u*e ™ = In % = kln(u) — u

d*N d*N
In Z(p) = Z In ) — J . Jddf dAdg, dz ) O,(&, 4,2) + const.
= dddidgdzl;, . . dé dA dg, dz
can be re-written as
d*N(p)
00 d3N 00 00 00 d3N d¢ dAdg, dz g
In Z(p) = Z an d) (p) — J dz ddfj d) (p) | Z In it - const .

l /lcut df dll dZ giazi Zeut gcut /lcut df dll dZ l J'OO d/l d3N(p)

Acut dé didz
cluster abundance likelihood EinZs

d*N(p) ,
P p ) V)
dgd/l dggdz — ( gt é - ‘p) = P(;ta gt ‘ /1 > ﬂcuta 59 Zap)
IOO dA °N(p) P4 >/Icuta§az‘p)
Acut dédAdz

conditional “mass calibration likelihood”
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" 717 ] Bocquet+24l

o) Pipeline Verification

1% | using mock datasets created from the model

1] « Create synthetic clusters from the halo
mass function using observable —mass
relations

* Analyze several statistically
R independent mock realizations

|+ Pipeline recovers input values

|« We correctly implemented the analysis
g framework!
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SPT-SZ (Bocquet+19)
Planck TTTEEE lowl lowE (2018)
SPT (SZ+pol) + DES Y3 (blinded)

<55, ¢ldof =128
E =55, (’ldof =234
F< 55, ('fdof=110
=55, (ldof=110

SPT— SPTpoI + DES Year 3 Weak Lensing
Update on blinded results d
. Confirm robustness of lensing modeling blindly 8 s
(centering, boost factors, radial cuts)
* Model is a good description of the data 0.7 -
* No roadblock toward unblinding! T — +
a‘ Slide from
Q AstroPartche Symposmm2022| v
St Model lines from| .
blinded run | & —
100 2 .
50 A § !
Lo
0 . . - r————rr —— r s -
05 10 15 10 0 100 200
redshift SPT SNR £ richness A ,
Paris-Saclay Nov 2022 23 ‘ ’

4 5 7

radius [arcmin]

10 13




amplitude of fluctuation in

ACDM with massive neutrinos

matter density field

Bocquet+24l|
1.14 SPT(SZ+pol) clusters + (DES Y3 + HST) WL SPT(SZ+pol) clusters S SPT clusters + WL
+ (DES Y3 + HST) WL - B Planckl8
ROSAT clusters + WL (WtG) 1.0 A ACT DR-6 lensing B SPT clusters + WL + Planck18
_ Planck18 TTTEEE I
104 KiDS DR3 clusters + WL DES Y3 3x2pt
DES Y1 clusters + 4x2pt 0.9 - BAO . ,
DES Y1 clusters + WL ' 090 ' b
oo 0.9 - 00 o 085
© S
0.8 ] 080 —
0.75 F
0.8 - I
— 0.3 . -
0.7 - E
~ 02 + \ -
0.7 1 &
A 0.1 £ -
0.1 0.2 0.3 0.4 0.2 0.3 0.4 025 030 035 075 0.80 0.85 o1 02 03
Qm Qm Qm Osg Zmp [eV]

matter density
>0.25

. Competitive constraints, especially on 58Opt = 0y (Qm/0.3
* No evidence for Sg tension (difference with Planck 1.1 o)

. In combination with Planck Z m, <0.18eV(95%C.L.)
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Tracing the Growth of Structure

Phenomenological test

* Five bins in redshift with equal
number of clusters

* Fit for independent amplitudes os(z)

* With loose prior on (On from the
sound horizon at recombination 6.

 Good agreement with ACDM model

and Planck parameters from z = 0.25
toz=1.8

AstroParticle Symposium 2024
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Age of the Universe [Gyr]

13.3 9.0 6.5 4.9 3.9 3.2
0.8 - Planck18 TT,TE,EE+lowE |2
$ DESILRG x Planck lensing [
0.7 - # DES Y3 3x2pt + SR ¥,
++ ¢ SPT cluster abundance =
N 0.6 - 4
)
0.5 - T +
0.4 - ¢
0.0 0.5 1.0 1.5 2.0

redshift z
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Outlook
Select Work by PhD Students

Mazoun, Bocquet, Garny, Mohr, Rubira, Vogt 24
(arXiv:2312.17622)
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Asmaa Mazoun

Interacting dark sector
models

Analysis of SPT+DES

dataset ongoing
(Mazoun+ in prep.)

Vogt, Bocquet, Davies, Mohr, Schmidt 24
(arXiv:2401.09959)

-- GR
o0 logyy | frol = —7.0
1.45 - logg | fro| = —6.0
| logg | fro| = —5.0
10" 10 1013 1016

M [I\'I 0, / h]

FIG. 1. The critical overdensity dci¢ for spherical collapse in
J(R) gravity (Eq. (12)) for different values of log,, | fro| at

go hie VO 1. collapse redshift z. = 0 in colored solid lines. The dashed
black line represents d..j; in a corresponding GR cosmology

(Eq. (13)).

f(R) and nDGP models

Analysis of SPT+DES

dataset done
(Vogt+ arXiv:2409.13556)
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SPT Clusters with DES and HST Weak Lensing. l. Cluster Lensing and Bayesian Population Modeling of Multi-
Wavelength Cluster Datasets

Bocquet, Grandis, Bleem, Klein, Mohr, DES, SPT

(arXiv:2310:12213 — Phys. Rev. D 2024, 110, 083509)

SPT Clusters with DES and HST Weak Lensing. ll. Cosmological Constraints from the Abundance of Massive Halos
Bocquet, Grandis, Bleem, Klein, Mohr, Schrabback, SPT, DES
(arXiv:2401.02075 — Phys. Rev. D 2024, 110, 083510)

Multiprobe Cosmology from the Abundance of SPT Clusters and DES Galaxy Clustering and Weak Lensing
Bocquet, Grandis, Krause, To, SPT, DES
(to be submitted)

Image credit: SPT 2018 winter-overs Adam & Joshua



amplitude of fluctuation in

Outlook: Joint Constraints

SPT Cluster Abundance + DES 3x2 pt = Multiprobe Cosmology

O
©

O
oo

SPT clusters
{1 DES Y3 3x2pt

matter density field
Os

0.20 0.25 0.30 0.35 0.40

matter density

AstroParticle Symposium 2024

« Joint analysis (w/ Chun-Hao To, Elisabeth Krause, Sebastian Grandis)
 (Cosmological covariance (negligible)
 SPT cluster abundance is dominated by shot noise
 SPT cluster mass calibration limited by lensing shape noise
 Shared systematics (same DES Y3 lensing data)
 EXxpect powerful constraints on z < 2 large-scale structure

* Ideal complement to high-redshift CMB measurements by Planck

28 Sebastian Bocquet — LMU Munich



ACDM with massive neutrinos
SPT clusters + DES 3x2pt

0.9 -

o 0.8 -

SPT clusters
0.7 4 DES Y3 3x2pt

SPT clusters + DES 3x2pt

0.20 0.25 0.30 0.35 0.40

Contours are only 15% wider than Planck 2018 TT,TE,EE
Independent constraint on Hubble parameter

No strong suggestion for S8 tension (1.7 o difference with Planck)
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