CMB:

part one on the
Sou ope

Now open in 2014!

Christian Reichardt
UC Berkeley



Outline
- The three cameras. of the South Pble
Telescope | A
- SP1-8Z, SPTpol, SPT-3G
- CMB power spectr_qrn
— What caused Inflation?

- CMB lensing

— 1t B-mode detection from SPTpol

— What are the neutrino masses?



Cosmic Timeline Large-Scale Structure,

accelerated expansion

Galaxies,
Reionization, many more stars

BBN, first stars {
Recombination,
CMB

Inflation?

Time 7~

300 kyr 0.5 Gyr 1.6 Gyr 6.0 Gyr 13.8 Gyr



Small-scale CMB touches all

" Sunyaev-Zel’dovich (
(next talk)

CMB power spectrum:

* What caused inflation? o .
. . Gravitational lensing:

« How many neutrino species are

there?

etc.

« What are the neutrino masses?

' etc.




The South Pole Telescope (SPT)

Site:

e Best known mm-wavelength observing
conditions

Telescope:

e 10 meter telescope (1.1’ FWHM beam)
e Fast scanning (up to 2 deg/sec in az)

e 2” pointing accuracy

Funded by
NSF




Recelvers

SPTpol (2012-2015)

SPT-3G (2016-)

SPT-SZ (2007-2011)

® 15,234 polarization-

sensitive

® 1536 polarization-

® 960 bolometers

bolometers

sensitive bolometers

® Plan 2500 deg? survey

e Conducting 600 deg?

2
survey

® Surveyed 2500 deg

® Exp. map depths of ® Exp. map depths of

® Final map depths of
40 yK-arcmin @ 95 GHz

4.2 pK-arcmin @ 95 GHz

8 pK-arcmin @ 95 GHz

5 pK-arcmin @ 150 GHz 2.5 pK-arcmin @ 150 GHz
4.0 pK-arcmin @ 220 GHz

18 pK-arcmin @ 150 GHz
70 pyK-arcmin @ 220 GHz



SPT-SZ 2500 deg?® survey
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Status: finished in Nov. 2011.
18 pK-arcmin at 150 GHz
Deepest large-area CMB map




Zoom inon an SPT map
~50 deg? from
2500'deg? survey

SPT 0538-50

b°

©

z=2.782
HST/WFC3

Radio and dusty galaxies
show up as bright spots

Clust.é'.r of Galaxies

Galaxy cluster show up as
“shadows” against the CMB!



Zoom in'on an SPT map
~50 deg? from
2500'deg? survey

Cosmic microwave
background (CMB)



SPT-SZ 2500 deg? survey

Non-exhaustive list of awesomeness:

Objects + SZ-selected galaxy cluster catalog (~600 clusters,
85% new discoveries) out to high redshift (for Dark
J Energy)

Discovery of a population of strongly lensed, high-
redshift, star-forming galaxies.

2-point - Most sensitive pre-Planck measurement of CMB
power spectrum at ell>~600 (and still most sensitive
J at ell>~1850).
Constraints on duration of epoch of reionization from
kinetic SZ.
3-point  + >30 o detection of bispectrum due to SZ & galaxies
4-point  + 2500 deg® CMB-lensing-derived map of projected

mass between z=0 and z=1100.



Outllne

The three cameras of the South Pole
Telescope |

- SPT-SZ; SPTpoI; SPT—SG
- CMB p_ow'er spectrum

- What caused Infléﬁ’dn?

- CMB lensing

— 1%t B-mode detection from SPTpol

— What are the neutrino masses?
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First results

100

from full survey!

o
f . WMAP9 2012
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First results

100

from full survey!

o
f . WMAP9 2012
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X3 |mprovement from SPT
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Story, Reichardt, S‘tate before Reichardt et al.
etal., 2012 2012

arXiv:1210.7231 Planck arXiv:1111:0932

SPT
_ 1000 AR
S ACT
o Das 2013

100 F

0 1000 2000 3000 4000 6000 10000

(A=22') Angular Frequency (multipole) (A=2.4)



Story, Reichardt, S‘tate before Reichardt et al.

etal., 2012 2012
arXiv:1210.7231 Planck arXiv:1111:0932
SPT
1000 WMAP -
g Interactions between 1
S L «Classic” the ICMB and large-
CMB scale structure

>a
® |onization history of the

e.g., Universe - Zahn, Reichardt et
al. 2012

-If\t\f

e Number of relativistic
e.g., species - Hou, Reichardt
et al. 2012
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with Planck

SPT
WMAP
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Stunning agreement
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Comparing SPT & Planck

Rescaled - on 2500 deg? Rescaled - full sky

0_107“‘\“‘\‘ \ ] EO‘ZZI"III L L
- - Data (smoothed A2=500) = :
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g‘% 0.05" Planck beam error % 01f
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= N =
§ -0.05" ! —aaf S . -
ks n : Significance of a tilt: ]
o C
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0100 S ook
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! Z
e Cross-spectrum is consistent within Re-scale: 1.8%
calibration and beam errors. SPT cal uncertainty: 2.6%

* No evidence for scale-dependent
differences.

[units of Power]



What caused inflation?

What were the initial
conditions of the Universe?



Inflation predicts nearly scale
iInvariant spectrum

| | L\t <« ns~1forscale
Primordial spectrum: A%(k) = A% (k) (—) invariance

ns=0.9,1.0,1.1 |
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Likelihood
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Ns (Scalar index)

WMAP7 = 0.969 = 0.014

WMAP7+SPT (CMB) = 0.962 = 0.010
CMB+BAO+Ho = 0.954 + 0.008

Story, Reichardt et al., arXiv:1210.7231
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ng (Scalar index)

P(ns > 1): WMAP7 =1.4e-2 (2.2 o)

+SPT =3.9e-4 (3.9 0)
+BAO+Ho=1.4e-9 (5.9 0)



Likelihood
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Ns (Scalar index)

WMAP7 = 0.969 = 0.014

WMAP7+SPT (CMB) = 0.962 + 0.010
CMB+BAO+Ho = 0.954 + 0.008

Planck+WMAP-Pol = 0.9603 = 0.0073
+SPT/ACT+BAO = 0.961 + 0.0054

1005"

Story, Reichardt et al., arXiv:1210.7231
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100,

094 096 098 1.00 1.02 1.04
ng (Scalar index)

P(ns > 1): WMAP7 =1.4e-2 (2.2 o)

+SPT =3.9e-4 (3.9 0)
+BAO+Ho=1.4e-9 (5.9 0)

Planck improves by ~ x1.5
Same CMB value (shift <0.2 o)




Tensor perturbations and
temperature anisotropy

< 1000
E :

Power

100¢
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000

500

000

Multipole? * Power (mK?)

Role of small-scale data

Best-fits for
r=0,0.33

)

500 1000 1500 2000
Angular Frequency (multipole)

2500

Tensors only affect
large scales, but their
impact is partially
degenerate with the
scalar power law
slope (ns) and other
parameters.

Small-scale data help
disentangle the two.



Hitting TT sample variance limit

1.0 LA AL L T T T T T
'\ \\ Story, Reichardt et al., WMAP ]
! N arXiv:1210.7231 |
| CMB + BAO +H -
'8 i :
S 0.6 ~ -
< ; il
D N |
04 —
Sl :
0.2+ |
0.0 | ittt T T

0.0 0.1 0.2 0.3 04 0.5

I' (Tensor-scalar ratio)

No evidence for tensors yet; 95% upper limits are:
WMAP:r <0.36 WMAP+SPT:r<0.18 CMB+BAO+HO: r < 0.11



Likelihood

Planck - same limits internally
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No evidence for tensors yet; 95% upper limits are:
WMAP:r <0.36 WMAP+SPT:r<0.18 CMB+BAO+HO: r < 0.11



Implications for inflation

(variations on ng vs. r)  A°seenierome
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Implications for inflation

PLANCK (plus upcoming small-
scale polarization experiments) will
be 3X better on ns:

-> QPLANCK+SPT3g(ne) ~ 0.0046
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Future polarization experiments
(SPT-3G, Simons Array, BICEP3, Adv.
WACTPol) will be >10X better on r:

-> GSPT3G(r) ~ 0.005

(Scalar index)



Outllne

The three cameras of the South Pole
Telescope |
- SPT-SZ; SPTpoI; SPT—SG
CI\/IB-._po’v'ver spectrum
— What caused Inflafiori?

-- CMB lensing

— 1st B-mode detection from SPTpol

- What are the neutrino masses?



CMB Lensing

Photons get shifted Unlensed
I U CMB looks like
n) — . a
T ( ) T (Il T VQb( )) pure gradient.
=TY(n) + VIV (h) - Vo((n) +.... B
~ 7T

CMB Lensing estimators — |
. g; RS Massive

look at: observer bodies

<TVT>=0 (unlensed -
no preferred direction)
~d (lensed)

Small-scale wiggles are correlated
with large-scale gradient.










RMS deflection 2.5’; coherent on degree scales

2. PN

-

.

.
4
g
-
oy 5 7
@) | . :
C S 1, N
. 5
q) : s N - ¥ .
— : r.
) ' [
= ' ™ '
s il
- 29 8¢ - g ¢ '
» ;‘
PR :
. '




©
g
-
O
e
O
al




CMB is a unigue lensing source

1. Low systematic uncertainties:
» Gaussian, well-understood
power spectrum
 Known, unique redshift

2. High redshift
* No higher-z source



Weighing the Hubble Volume

work being
led by O.
Zahn

SPT map of 6% of matter in observable Universe

« S/N > 1 per mode on large scales
e Less sky than Planck

~20 o in SPT

Lensing detection: ~30 6 in Planck



Correlation with the Cosmic
Infrared Background (CIB)

—

dN/dz, arbitrary normalization

09

08
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0.1

Smith+, 2007

CMB lensing kernel
fiducial NVSS distribution

|
0.5

|
1.5

35

Herschel/SPIRE
250, 350, 500 um

May 2012: Map deepest 100 deg? of SPT
survey to the confusion limit.

Redshift kernel of
lensing peaks z~2

Well-matched to CIB
(80% correlation)



Dec (J2000)

Correlation between lensing and CIB

23h

Holder et al., arXiv:1112:5435

« Colors: SPT’'s CMB

lensing map

- Greys: Herschel 500

um map, smoothed to
100 Mpc scales

« (Correlation detected at

~100

« Galaxy bias: 1.3 <b <

1.8, model dependent

« CMB lensing is well-

calibrated in mass
and probes how CIB
traces dark matter
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The Next Frontier:
Polarization

Smith et al 2008

Any polarization pattern can be
decomposed into “E” (grad) and
“B” (curl) modes

Quadrupole anisotropy introduces
polarization at surface of last
scattering

Density fluctuations do not
produce “B” modes!

“B” modes are created by:

— On large scales:
primordial gravity waves
from Inflation

— On small scales: lensing
of the CMB from large
scale structure



Effect of Lensing on the CMB Power Spectrum:
B-modes from Lensing

Tf) | (1+1) C,/ (2n)

500

1000

1500

| — lensed
- | — unlensed

2000 2500 3000 3500

Small
P Changes




SPTpol:

a new polarization-sensitive
camera for SPT
First light Jan. 2012

Measure “B-mode” polarization to
constrain neutrino mass and energy scale
of inflation.

O(va)~0.1 eV
r<0.04 (95%)

Investigate dark energy using
galaxy cluster abundances -
deeper cluster survey

360 - 100 GHz
1176 - 150 GHz



1st year: SPTpol survey

Status: finished first 100 deg? in 2012
Currently observing ~600 deg?




Map noise
SPTpol 1-year Q/U maps 10 pK-arcmin




« Lens reconstruction in polarization can be
thought of as a process of template fitting.

B (i / A’ / lgWe (g, s, 15)E()d(ls)




DEC (J2000)

with Data from the South Pole Telescope

Duncan Hanson et al. arXiv:1307:5830

Detection of B-mode Polarization in the Cosmic Microwave Background
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First detection of lensing B modes (7.7 ¢)

Uses three-point EB¢ from SPTpol + Herschel-SPIRE maps of
the cosmic infrared background.



Lensing amplitude: AL.=1.092 + 0.141
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«B mode view»

Consistent results using:
» 90GHz E-modes.
» Temperature-derived E-modes.

» TT, TE, EE, EB lensing estimators.
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«Lensing view»

No signal seen using:

» Curl-mode null test.

» E-modes from diff. map.
» B-modes from diff. map.




Cover x4 the area to twice the depth as SPTpol

‘ : Qﬁgfg‘ﬁf!ﬁ %/
’/\\\//2

® 15,234 polarization-
sensitive bolometers

e Plan 2500 deg? survey
® Exp. map depths of

4.2 pK-arcmin @ 95 GHz
2.5 yK-arcmin @ 150 GHz
4.0 pyK-arcmin @ 220 GHz




SPT-3G: Lensing power spectrum

Expected Error Bars

. SPT-3G
1077

10° |

102 103

Credit: G. Holder

* CMB Lensing Detection

Significance
- SPT-SZ= 200
- Planck= 300
- SPTpol= 450

- SPT-3G=1500 [

- SPT-3G will measure
individual lensing modes
out to ell~800 (Planck will
go ell~60)

e Cross-correlating with
DES will measure galaxy
bias to <1%



Neutrinos as seen by LSS

Long
scales:
Faster

expansion g o

&
clustering
cancel
(no net
change)

k) @ z=0

Matter power spectrum today

10

10

10°

10°

10°

0.010 1.000 100.000

k (Mpc™)

0.1 eV changes BB power by 5%

Short
scales:
Faster
expansion
suppresses
structure



Predictions for neutrino masses

0.112F
Planck + MS-DESI (BAO)

SPT3G + Planck -~
SPT3G + Planck + MS-DESI (BAO)

0.111f

0.110f

Q_ h?

0.109f

O(va)~22 meV |

—

0.0 0..1 0.2
Ym, [eV]
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In conclusion

e SPT-SZ survey complete with broad science impact:
— High-redShift '_galaxies_:' Early star and galaxy formation _
- Distant, massive. cIUstérs Dark en'ergy, neutrinos, cluster evolution
— Primordial CMB anlsotropy Inflatlon early unlverse phyS|cs '
- CMB Iensmg “weighing” the unlverse neutrinos |

e SPTpol: 1.4 years into 4 year survey
— First detectlon of Lensing ug”_ -modes: Improve neutrino constralnts
= Ih“flation'ary “B”-modes: ImproVe constraln,ts on inflation’s energy scale
e SPT-3G: Development underway
— Observations begin in 2016
— Inflatidn, Lensing (ne_utrino masses), Clusters (see next talk), kSZ/tSZ

- Initial polarized power spectra coming soon!






Other extensions similar, e.g.,
Neff

SPT+WMAP7 | Planck+WP

CMB only 3.,62+048 | 3.51 £0.38

CMB+BAO 3.50+0.47 | 3.40+0.29

CMB+BAO+Ho | 3.71 £0.35 -

Tighter, but no shift

(Note, Planck errors quoted here as half the 95% confidence interval, symmetrized)



