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CMB measurements
probe cosmology, astrophysics
and fundamental physics

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc. ‘

. . )

WMAP

about 400 million yrs.

Big Bang Expansion

13.7 billion years

NASA/WMAP Team



Inflation?

Universe expands by >e®°
Dark Energy

solvin g sm oothness pro blem, AL Accelerated Expansion

flatness and more.. w0000yrs. |2 Galaxies, Planets, etc.

What drove inflation? g o e smdﬂ
What is the energy scale of inflation? 1 bR

Quantt
Fluctuation

- spectral index of primordial fluctuations, ns

- non'GaUSS|an|t)’? ;gtoﬁtta‘rgo million yrs.
- constrain tensor to scalar fluctuations YA T —
- detect inflationary gravitational waves!? $7 6Nk yesi

= through precision temperature and ultra-sensitive polarization
measurements of the primary CMB anisotropy



Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc. ‘
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about 400 million yrs.

Physics at recombination
Big Bang Expansion

Universe cools enough to form neutral H. - - -
. 13.7 billion years
Photons start free-streaming

- Measure primordial fluctuations

- Inventory stuff in the universe

- Number of relativistic species, helium abundance
- Recombination history; energy injection

= through precision measurement of CMB power spectrum
to fine angular scales, i.e., covering the “damping” tail
= eventually through spectral distortions and recombination lines



Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.
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Reionization “Cosmic Dawn” . Big Bang Expacsion
I‘ -

13.7 billion years

When and how did it proceed?

Patchy reionization, Zahn et al, 2005

= through measurement of CMB polarization imprint of
reionization on large angular scales

= through measurements of the diffuse kinematic SZ effect on
small angular scales




Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.
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1st Stars
Credrt Kravtsov about 400 million yrs. "
| Big Bang Expansion |
l 13.7 billion years I
Structure Formation
® [ ]
Cosmic Acceleration

Gravitational collapse creates increasingly

Dark energy begins accelerating
large structures

the expansion of the Universe.

- Is dark energy dynamic or a
cosmological constant!

- Is GR correct on large scales!?

- What is dark matter?
- Masses of the neutrinos

= structure formation through lensing of the CMB
and kinematic SZ effect
= measure evolution of Galaxy Clusters through thermal SZ effect




E.g., Neutrino constraints

P(k) —

Dark Radiation

Nesf - effective number of relativistic species
uniquely impacts intrinsic CMB power spectrum

Radiation
Domination

Matter Domination

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.
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1st Stars
about 400 million yrs.

Big B7lig Expansion

.7 billion years

2my > 0

Sum of the neutrino masses
impacts growth of large scale structure,
i.e., the matter power spectrum measured

by CMB lensing.



2015 marks the 50 year anniversary of the
Discovery of the Cosmic Microwave Background

“smoking gun”
evidence for a
Hot Big Bang

.-'_\'.J' NOBELPRIS B
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1978 Nobel Prize

L ~~ Enormous impact
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Arno Penzias & Robert Wilson in front of the on CosmOIOgy
20ft Bell Labs antenna used to discover the

microwave background in 1965 Penzias & Wilson pp 419 [ApJ 142, 1965]

Dicke, Peebles, Roll & Wilkinson pp. 414
Following the work of Alpher, Gamoy,
Herman and others in 1940-50s



23 years ago

~ Discovery of CMB Anisotropy
COBE Satellite
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Deployable Sun, Earth,. ~ DIRBE
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Helium Dewar
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2006 Nobel Prize
John Mather
TN N George Smoot

WFF Omni Antenna

TORSS Orfini Antenna,

SV Inflation connects physics on the
John Mather & George Smoot smallest and largest size scales
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upper omni

Experiments w/ tens of
detectors

circa 1995-2005

11 . R emgies

W F Dual Back-to-Back
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truss structure
with microwave
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Wilkinson Microwave Anisotropy
Probe (WMAP)




Dedicated Telescopes for fine angular
scale CMB measurements

3m Huan Tran Telescope 6m-Atacama_ Telescope |Om South Pole Telescope
http://bolo.berkeley.edu/polarbear http://www.physics.princetc | | http://pole.uchicago.edu
oSSl e / -y

Exceptional high and dry sites for dedicated CMB observations.
Exploiting and driving ongoing revolution in low-noise bolometer cameras



The South Pole
Telescope (SPT)

A very high-tech 10-meter
submm wave telescope

100 150 220 GHz and
1.6 1.2 1.0 arcmin resolution

2007: SPT-5Z

100,150,220 GHz

2012: SPTpol
1600 detectors
100,150 GHz
+Polarization

2016: SPT-3G
16,400 detectors
100,150, 220 GHz
+Polarization




The South Pole

The South Pole
(and Station)
R S A The “Dark”
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Why the South Pole?

Extremely dry, stable atmosphere.

High al

titude ~ 10,500 feet.

Sun below horizon for 6 months.

Unique geographical location - We can observe the clearest
view through our Galaxy 24/7, actually 24/7/52

Excellent support from National Science Foundation research

station
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Fabricated by Erik Shirokoff and
Sherry Cho at UC-Berkeley
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t SPT Bolometer Array

Firs

160 pixel bolometer array wedge

S1N substrate with gold absorber
Al/T1 transition edge sensor (TES) with a

transition temperature of 500 mK



Transition Edge Sensors (TES)

Scalable, background limited, broadband bolometric detectors.

0.9

Radiation B D
| - ElectroThermal
04_ _____________ _____________ Feedback _________ _________________ d
| ~ OT. 1 :
0.52 0.54 0.56 0.58 0.6 0.62 0.64
Temperature in Kelvin

Thermometer: Voltage biased
transition edge sensor (TES).

Weak thermal link Measure incident power (pW) by
change in bias current using

SQUIDS.
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First SPT survey completed in 201 |
High resolution and sensitivity map of the CMB
covering |/16 of the sky

Survey depths:
- 90 GHz: 42 uKcmg-arcmin

- 150 GHz: <18 uKcmg-arcmin
- 220 GHz: 85 uKcme-arcmin



Complementary ground and space CMB measurements

All sky, large angular
scales, extended
frequency coverage,
precise calibration

with SPT area marked

«—

Deep targeted fields,
high resolution,
implement new
technology

SPT-SZ 2500 deg? Survey



























Sunyaev-Zel’dovich (SZ) Effect

CMB photons provide a backlight for structure in the universe.

~1% of CMB photons Mtf"i"ngﬁo?%?q"“o“““
traversing a massive

8 HOT
1G LT —

E Blackbody
;._;cluster gas . S
....... T L st ENERGETIC - y = 0.15, Exact
ol B . ELECTRON

galaxy cluster scatter.

Thermal SZ effect
(tSZ) spectral “y”
distortion due to
inverse Compton
scattering.

l, [Miyfsr]
o
o
1
|

BLUE SHIFTED

t MICROWAVE SHOTON

Kinematic SZ effect
10

(kSZ) due to cluster
moving with respect
to the CMB

from Ned Wright v [1/cm] 10

Two important points:
I) SZ effect is a measure of total thermal energy, so good mass proxy.
2) Surface brightness of the SZ effect is independent of redshift!

— an excellent tool for studying cosmology



Sunyaev-Zel’dovich (SZ) Effect

CMB photons provide a backlight for structure in the universe.

MECRO Wavelength {(mm
~1% of CMB photons \B%° P o i
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(kSZ) due to cluster
moving with respect
to the CMB
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Frequency {(GHz)

Two important points:

I) SZ effect is a measure of total thermal energy, so good mass proxy.
2) Surface brightness of the SZ effect is independent of redshift!

— an excellent tool for studying cosmology



Dark Energy and Cluster Cosmology

* Abundance of clusters is
sensitive to dark energy through
geometry and growth of structure.

Cluster Abundance: dN/dz
dN dV

dS)ddz dSdz

Depends on:

Matter Power Spectrum, cs
Growth Rate of Structure, D(z)

= n(z)

Depends on:
Rate of Expansion, H(z)

dN/dz [4x102 deg?]
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Sunyaev-Zel'dovich (SZ) effect
discovered clusters

5.2 Gyr 8 Gyr 9.5Gyr

I a SPT-SZ 2500 deg® X
ROSAT-AIl sky [
Planck-DR1 &
ACT

X
IIIIII

25
%
X

X

X
\

Bleem et al., 2014

1.5

Redshift
- SPT made 1st SZ discovery of cluster in 2008 and has

more than doubled the number of z > 0.5 massive clusters.

- Cosmological constraints limited by cluster mass
calibration.



Sunyaev-Zel’dovich (SZ) effect

discovered clusters
BT _

. gp° 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6]

D
mom CrrT O T TOT T TROOT %II = msters-

- Cosmological constraints limited by cluster mass

calibration.



Mass Calibration of SPT clusters
Multi-wavelength Observations

1.X-ray with Chandra and
XMM

2.Weak lensing from -
Magellan (0.3 <z<0.6) [EkiEiagil
and HST (z > 0.6) v

3.Dynamical masses from
NOAOQ 3-year survey on
Gemini (0.3 <2z<0.8),
and VLT at (z> 0.8)

Magellan

>100 SPT clusters with

proposed or approved
measurements with

each method

Gemini South



Synergy with Dark Energy Survey

570 Million plxe 4
ark Energyﬁu 2V
Ca era built at errm] b

-DES: a 5-year optical survey

to image 5000 deg?, including
entire SPT-SZ survey area

*Multiple probes of dark energy

(cluster survey, weak lensing,
BAO, Supernovae)

Strong complementarity
with SPT cluster survey
and SPT CMB lensing; the
combination will improve
cluster constraints on dark
energy by ~100x

Already a vibrant joint
DES + SPT analysis group.



From maps to angular power spectra

SPT-SZ 2500 deg? Survey

WMAP full sky map
with SPT area marked

Transform




“pre-Planck” CMB Power Spectrum
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l Tix
'r._ . SPT 2500 deg? :
: Story, et al., 2012 :

= arXiv:1210.7231
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Angular Scale
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Primary CMB anisotropy - remarkable agreement
Enormous precision

Wavelength [Mpc]

401 164 108 78 62 51 44 37 33

[ WMAP9 :

[ SPT i

& Ve o )

é 1000 \1 J{ [ PLANCK )

5 Nt :

& | N 3

c "~ Enormous precision: S ]

© i Flat universe (Qx < 0.005)  ™ws, _
5 Qph? = 0.0226 +/- 0.00023 \{L I

T 100k Qh?2=0.1186 +/- 0.0026 sy -

i (400 difference of Qc & Q) N, :

i Planck Results | 2015 \

B I | | | | C, LN

500 1000 1500 2000 2500 3000

I = oscillations per 360 degrees

Fit by vanilla ACDM - just six parameters: Qy,h?2 QO.h?2 Ox A%k Ns T



Primary CMB anisotropy - remarkable agreement
Enormous precision

Wavelength [Mpc]
401 164 108 78 62 51 44 37 33

[ WMAP9

. [ SPT
— el i
X h \ T [ PLANCK

= 1000 o L -
: ,_,\\m 5
al

: \w\\

é 100:— T\L‘\L\\l E

1000 1500 2000 2500 3000
I = oscillations per 360 degrees

Inflation checks: Geometrical flat universe; Superhorizon features;
acoustic peaks/adiabatic fluctuations; departure from scale invariance;
inflationary gravitational waves (tensors)

500



setting limit to tensor perturbations
I.e., primordial gravitational waves

7000 I | I P Y I | | T T TTI I | | T T T I |
Tensors only contribute TT power A%ouitic -
only at low multipole as they decay =pe -
—| after they enter the horizon. —
2
3 B 2
_ 4000 [ .
A i Damping |
s .
O 3000 [ Tail |
E - ,
< 2000 -
1000 =
. __—-Tensors |
O | | I i N | | | | IH.I\I I\I'I‘ — - | | L 1 1 111 | |
10 100 1000

Multipole ¢

Tensor (gravitational) perturbation amplitude

Scalar (density) perturbation amplitude

plot taken from Ned Wright's web pages



Constraining inflationary models
Joint r and ns limits

SPT Story et al.,, 1210.7231
04F 1 - y y — T 2 Planck+WP
" WMAP7 1 ,
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Spectral Index of Primordial Fluctuations . .
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Constraining inflationary models
Joint r and ns limits

SPT Story et al., 1210.7231
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Neutrinos - now and then

Ato(:ns Dark Neutrinos Dark
4.6% Energy 10 % gllﬁ;ter
Dark 5 0
Matter Photons
23% 15 %

Atoms
12%

TODAY 13.7 Billion Years Ago
(Universe 380,000 years old)

- Neutrinos are the most abundant particle after photons

-The “Cosmic Neutrino Background” decoupled
at 1 sec and can be detected indirectly in the CMB.

Q.h?2=2Im\/93eV — Q.= 0.4%

P UNASA/WMAP Team




Two scales: sound horizon, 6s

Wavelength [Mpc]

401 164 108 78 62 51 44 37 33
i i i I | | | | | i
: [ WMAP9 _
: : ~1/es [ SPT _
N -
: : [ PLANCK

—
-
-
o

o Jf\ﬁ

Fluctuation Power [ uK?]

100

..

Os is the angular distance a
sound wave could have
traveled by recombination

i \’ﬁ‘ﬁ\{{{ |
|
3 N\ E
B L N N T B T T \\?
500 1000 1500 2000 2500 3000

I = oscillations per 360 degrees




and the damping scale, 04

Wavelength [Mpc]
401 164 108 78 62 51 44 37 33

| [ WMAP9 :
[ SPT -
X [ PLANCK
5 1000 Photon has a mean free
= ‘\_m Q’@ o path and diffuses. So,
pu oscillations on small scales
= e, are damped exponentially.
2 i \‘\ (Silk damping)
2 ook 84 is the angular diffusion I’\IN\L _
- length at recombination \\‘ -
500 1000 1500 2000 2500 3000
6, I = oscillations per 360 degrees
s _ s x 92 g0 sensitive to energy density
ro 0, exp ? | 3¢?

through Friedman eq. tczp = o — e
TGP



Give constraints on Dark Radiation (Ner)
Joint Dark Radiation (Nert) and 2Zmy constraints

| [ | I
4.8 |- Planck--WP-+highL ~ .
Planck+WP~+highL+BAO Planck 2015:

Neﬁ= 3.15+0.23

(>100 detection of cosmic

neutrino background)
3.2 . Y. | Zmy<0.23eV
at 95% C.L.

(Neff ana Zmy constraints
depend on choice of external
data sets.)

40 | :

N

2.4 :
Planck XVI 2013
| |

0.0 0.2 0.4 0.6 0.8 1.0
>m, [eV]

Nett IS the effective number of relativistic species; it measures the
extra relativistic energy relative to photons.
For standard 3 neutrinos Nest =3.046.




CMB lensing

Large-Scale
Structure
Lenses the CMB

 RMS deflection of ~2.5°
* Lensing efficiency peaks at z ~ 2

e Coherent on ~degree
(~300 Mpc) scales

graphic from ESA Website



Lensing of the CMB

17°x17°

A 'o R,
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lensing potential ‘ unlensed cm
from Alex van Engelen




Lensing of the CMB

17°x17°
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lensing potential lensed cmb

from Alex van Engelen



SPT CMB Lensing Map

reconstruction of the mass projected
along the line of sight to the CMB.

SPT CMB MAP

Lensing convergence map smoothed to 1° res
om CMB lensing analysis of SPT 2500 deg? survey
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SPT CMB Lensing Map

reconstruction of the mass projected
along the line of sight to the CMB.

SPT CMB MAP

Lensing convergen|
om CMB lensing analf

Correlation of matter traced by CMB lensing

(contours, SPT) and distribution of high z galaxies
(grayscale; Herschel 500 um) [arXiv:|112.5435]




A nice ftrick:
CMB Cluster Lensing

I ——

SPT: Baxter, et'al. arXiv:1412.7521

On cluster
Off cluster
Combined off cluster

= Stack of the 520
clusters detected in
SPT-SZ survey

= ¥3-sigma detection
of lensing

Likelihood

= Masses agree with
SZ-estimated
masses

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5

200/M200,SZ

Opens up a new way to measure cluster masses



SPT CMB Lensing Map

reconstruction of the mass projected
along the line of sight to the CMB.

SPT CMB MAP

e

Lensing convergence map smoothed to 1° res
om CMB lensing analysis of SPT 2500 deg? survey
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CMB lensing power spectrum
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Sensitive to neutrino masses

CMB Polarization provides additional
lensing sensitivity and is cleaner probe.
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CMB lensing power spectrum
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Polarization of the CMB

Due to Thomson scattering —

CMB must be polarized
— /
Quadrupole ) ~ //,/
Anisotropy "
£’ \ //
o A
Thomson k)% |
Scattering \
//I
' ﬂ
Linear
Polarization

from W. Hu's web pages



Generating CMB polarization

Density mode ¥
y \' x>
| |
! !
| !
! )
Sy e
hotter due to Doppler shift —p & &= hotter due to Doppler shift
-—‘ (._—

Before decoupling:
- electron ‘sees’ only a local monopole

During decoupling:
- mean free path increases and electron ‘sees’ quadrupole
- scattered light is polarized

E-mode from density modes (scalar fluctuations)



E-mode Polarization (Curl free)

Polarization parallel & perpendicular
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Gravitational wave induced CMB polarization

'+'mode, k parallel ' mode, & not parallel

-

o ||| o
4 crest
E-mode B-mode

(Inflationary GW B-modes)

Figure from John Kovac'’s thesis



B-mode Polarization (div free)

Polarization oriented +45 degrees Pure B
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CMB polarization:
the next frontier for lensing & inflation

- L - """" - L - LA A

density oscillations
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CMB polarization:
the next frontier for lensing & inflation
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CMB polarization:
the next frontier for lensing & inflation
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CMB polarization:
the next frontier for lensing & inflation
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CMB polarization:
the next frontier for lensing & inflation
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SPTpol:

polarization-sensitive
camera on SPT

Status:
- First light Jan. 26, 2012
- 500 deg? survey to <6 uK-arcmin

depth (3x deeper than SPT-SZ)
- 3 yrs of 4 yr survey done

(1176x) 150 GHz detectors (NIST)

(360x) 100 GHz detectors,
(Argonne National Labs)




TE, EE Compilation Power Spectrum
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SPTpol: 1stDetection of CMB B-mode
Polarization

SPTpol Measured Lensing Potential N Predicted B-mode
E-mode polarization from Herschel CIB polarization
Oh 23h Oh 23h Oh 23h
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SPTpol: Hanson et al, Phys.Rev.Lett.111:141301,2013 (arXiv:1307.5830)



SPTpol: 1stDetection of CMB B-mode

Polarization
12 | | | | |
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SPTpol: Hanson et al, Phys.Rev.Lett.111:141301,2013 (arXiv:1307.5830)
Also detected by Polarbear arXiv:1312.6645 & 1312.6646



Inflationary B modes?
BICEPZ2 results

BICEP2
2010-2012

| BB -2 PTE = 1.3x10™/

~0.011 BB jack — %2 PTE = 0.99 !

0 50 100 150 200 250 300
Multipole ¢

512 pixels @ 150 GHz
JPL



CMB & Foregrounds
We had been very fortunate for primary CMB anisotropy.

30 GHz 44 GHz 70 GHz




CMB & Foregrounds
We had been very fortunate for primary CMB anisotropy.

545 GHz : 857 GHz




Inflationary B modes?

BICEP2 PhyRevL
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BB Compilations

20F
Lop total
i 1.0} | '/ | 7 l
o 0.5} . /J }}}”\ ,
= dust BB|<;1s
Al
: 0.0f ?
) o SPTpol (this work)
= ACTpol
1ol BICEP2/Keck
~1.5 . -
10 10
/ SPT, Keisler et al, 2015

Rapid progress! Still a long, long way to go.
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Chasing inflationary B modes
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Plans for SPT: 10x leap with multichroic pixels

* Detector fabrication at Argonne National

SPT-3G focal plane Labs on 6” silicon wafers led by C. Chang

16,260 detectors \ * Using lenslet coupled, 3-band sinuous

95,150, 220 GHz antenna coupled TES detector design from

 Hpppoomenenensom R aonomannaD” ;
i i ' UCB (Suzuki et al, 1210.8256)

.at260 mK * 68x frequency multiplexed SQUID readout

(McGill), using SQUIDs from NIST-Boulder

3 mm




Plans for SPT: 10x le
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SPT-3G - New Optics & Receiver

from 10-m primary
New receiver design and

' // iIntegration led by Benson at
Fermilab, with Hogan

. _ . Brad Bensc
Ellipsoidal = prime /7727 Nguyen, Sasha Rahlin and Bt
secondary  focus Mg Donna Kubik e
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- si\.\; 4‘\ focus
N
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SPT-3G will measure

individual lensing modes to
ell~700 (Planck to ell~60)

—

o(r)

O(Neff)

o(Zmy)

102 10°

Projections

(w/Planck priors)

SPTpol SPT-3G
(2015) (2019)

0.028 0.011
0.117 0.058

0.096 eV 0.061 eV*

*includes BOSS prior



CMB-Stage 4 experiment: CMB-54

Because there is a lot more to learn from the CMB.

CMB-S4: a plan to build a coherent ground-based
program working with, and building on, CMB stage ||
& Il projects.

Participation includes, but is not limited to:

the ACT, BICEP/KECK, SPT, Polarbear,... CMB Stage 2 &
3 teams and their international partners

Argonne, FNAL, LBNL, SLAC, NIST U.S. national labs
and the high energy physics community.



The next step - Stage 4

! I I
f —— Space based experiments
1 0‘1 I Stage—| — ~ 100 detectors |
2 } Stage-Il - = 1,000 detectors
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> ; = = Stage-IV — = 100,000 detectors |.
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A Moore’s Law of CMB sensitivity

Snowmass: CF5 Neutrinos Document arxiv:1309.5383



CMB-S4: A coordinated community

wide program to put 200,000 to
2001: ACBAR 500,000 detectors spanning 40 - 240
| 16 detector GHz on multiple telescopes and map
over 20,000 deg? of sky

Stage-2
N 2012: SPTpol
~1 600 detectors Stage-3
A “‘1 2016: SPT-3G
| ~16,000 detectors

o v e WSO

Stage-4
, 2020?: CMB-S4
= 200,000+ detectors

Maintaining Moore’s Law: focal planes are saturated
SO go to parallel processing with multiple telescopes -




Multiple platforms exploiting superb,
established sites at Chile and South Pole
and possibly add Northern site(s)

Critical to overlap with LSST, MS-DESI, etc.

+  MS-DESI ¢ 23k MS-DES|
'. - MS-DESI

| Chile
LSST observable
sky
¢ \ .................................
South Pole

observable sky

0.0 e—— L — 0.10 mK RJ
FDS dust emission

Slide from Jeff McMahon



CMB polarization timeline

e 2013: Stage Il experiments detect lensing B-modes (SPTpol)
e NOW: r = 0.12 CMB B-modes (BICEP2/KECK with Planck)

e 2013-2016: Stage |l experiments (SPTpol)
o(7)~0.03, a(Ns)~0.1, o(Xm,)~0.1eV

e 2016-2020: Stage lll experiments (SPT-3G)
o(r)~0.01, o(N.;)~0.06, o(Zm,)~0.06eV*

e 2020-2025: Stage IV experiment, CMB-S4
o(r) = 0.001, o(V.g) = 0.020, o(Xm,) =16 meV
each crosses a critical threshold for physics

* includes BOSS prior



Neff - 2my projections for CMB-54

4.8 I Planck+-WP-+highL -

Planck-+WP+-highL4+-BAO o(Xm,) = 16 meV
ol CMB.S4 | (with DESI BAO)
=

3.2 / . o(/NVeg) = 0.020
CMB is the only
probe of N

2.4 | -

0.0 0.2 0.4 0.6 0.8 1.0
> m, [eV]

Our forecasters: J. Errard, P. McDonald, A. Slosar K.Wu, O. Zahn



Combined Neutrino mass constraints

10° —

Future Cosmology
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“use cosmology to tighten the noose” Boris Kayser



CMB Sunyaev-Zel’dovich Cluster Surveys

Cluster Mass vs Redshift
for CMB/SZ Experlments

 SPT-3G-2500 d SPT-SZ/pol:; Netust ~ 1,000
eqg o .
m XX w SPT-SZ 2500 deS X SPT-3G: Nelust ~ 10,000
_ ' Planck-DR1 m_ CMB-S4: Neciust~ 100,000

10¢

1
70

eRosita ]

CMB lensing can directly calibrate
cluster mass:

SPT-3G: o(M)~ 3%
CMB-S4: o(M) ~ 0.1%

1 making SZ cluster cosmology an
— extremely powerful probe of structure

0.0 0.5 1.0 1.5 2 O formation and dark ener
Redshift o

IVISOO (1014 Iv'sun h

SPT-3G Collaboration



Last'WOrds. %
We have Iearned a great deal from the CMB and will

Iearn even more in the future

Did the umverse start w1th an epoch of mflatlon9
— What IS the energy scale of mflatlon’)

with lots of great astrophysics and new discoveries on

the way. Th k
dlKS

For more information and SPT publications see pole.uchicago.edu



