The Twisted Universe

Fundamental physics through the CMB’s lenses
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Helmholtz’s Theorem,
writ large...
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Parameters, Parameters, Parameters!

Angular scale
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What about physics constraints - Neutrinos?

Angular scale
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2my < 0.23eV at 95% c.l.

| Can do much better!
- Determine the masses
101 L - Show Nesr = 3.046 or point to new physics

Requires polarization measurements
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Multipole moment ¢

Nefr Is the effective number of light relativistic species, for std model Nes = 3.046
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Focus on Fundamental Physics

CMB polarization experiments can reveal:

Evidence for the universe's initial conditions via a detection of the CMB's
large-scale B-mode polarization pattern, providing constraints on inflationary
gravitational waves (at E~10'¢ GeV).

® Further Fundamental Physics:
®Neutrino masses

®Helium abundance
®Neutrino chemical potentials
®Equivalence Principle Tests
®Primordial magnetic fields

® Exotic physics, such as
POLARBEAR = ... ... cosmic polarization rotation!




What about physics constraints - Inflation?

Angular scale
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'§:‘ 1021 ¥ Flat geometry

¥ Super horizon features

¥  Harmonic peaks

¥ Adiabatic fluctuations

101 3 ¥  Gaussian random fields
| ¥ Departure from scale invariance!
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Multipole moment £
X _Inflationary gravitational waves (tensors)! Requires polarization measurements
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Incredible progress, but still a long long way to go!



Recent & upcoming Atacama CMB experiments
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BICEP/Keck first 95 GHz results

BICEP/Keck 150 GHz + Keck Array 2014 95 GHz
arxiv:1510.09217 [astro-ph.CO]
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CMB & Lorentz Violation

Add a Chern-Simons Interaction to E&M

1 . . .
5}:-:1\.1:—1 AF V-b = dmp—p-B
_:>—6tﬁ+6'><§ = 4WJ—p0§+pXE
1 ~ V-B = 0
Lcs = ——paAsF* -
2 ' 6t§+§>< E = (. Carroll, Field, Jackiw 1990

“Cosmic birefringence”

ok s w— ck LCP
v “~1 c(1-ek RCP

* Violates Lorentz Invariance & parity symmetry in EM.

* Rotates the polarization plane of photons.



Crazy?

(1) Birefringence and Lorentz-violation: http://prd.aps.org/abstract/PRD/v41/i4/p1231_1
Carroll, Jackiw, & Field

(2) Birefringence, Inflation and Matter-Antimatter asymmetry: http://arxiv.org/pdf/hep-th/0403069.pdf
Michael Peskin, Sheikh-Jabari, Stephon Alexander

(3) Chern-Simons Inflation and Baryogenesis http://arxiv.org/pdf/1107.0318.pdf
David Spergel, Stephon Alexander

(4) Birefringence and Dark Energy: http://arxiv.org/pdf/1104.1634.pdf
Marc Kamionkowski

(5) Birefringence and Dark Matter detection http://arxiv.org/pdf/astro-ph/0611684v3.pdf
Susan Gardner

(6) Chern-Simons birefriencence and quantum gravity: http://ccdb5fs.kek.jp/cqi-bin/img/allpdf?
198402145 Edward Witten

(7) Anomalous CMB polarization and gravitational chirality: http://lanl.arxiv.org/abs/0806.3082
Contaldi

(8) Kolb & Turner (1990): Bounds on PMF from BBN

9) Kaufman, Keating, Johnson: Precision Tests of Parity Violation Over Cosmological Distances

(http://arxiv.org/abs/1409.8242)



Rotation Angle (deg)

Distant polarized galaxies
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Magnetic Motivation

Magnetic fields detected in >100 galaxies & clusters.

Upper and Lower limits exist on primordial magnetic fields (PMF).

U.L.arel0-100x below galactic & cluster fields
Magnetic fields are amplified, or created, in structure formation.
No detections of purely cosmological fields (i.e., not bound struct.)

BBN: t = | s, T = | MeV, energy density of the Universe is 10* erg
cm 3 comparable to the energy density in a 10'? G magnetic field.

The PMF must be lower to not spoil BBN predictions.
This implies PMF:B < 107 G. (Kolb & Turner astro-ph/0207240)



Cosmic Magnetic Fields

o Seen in galaxies and clusters

© Origin unknown
* astrophysical?
 primordial?

Image courtesy of NRAO/AUI

o Generated in the early universe:
o Inflationary mechanism?  sicnce2 aprii 200

Vol. 328 no. 5974 pp. 73-75

o Phase transitions? DOI: 10.1126/science.1184192
o Not “if”, but “how much?” rerox

Evidence for Strong Extragalactic Magnetic Fields from Fermi
Observations of TeV Blazars
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signature would prove AsSTRACT
thei r pri mordial Ori ‘i n Magnetic fields in galaxies are produced vn'a the ampllﬁcatlon of seed magnetic fields of unknown

nature. The seed fields, which might exi ptheir in grmein the intergalactic medium, were

— never detected. We report a lower boung on the strength of intergalactic
magnetic fields, which stems from the nonobservation of GeV gamma-ray emission from
electromagnetic cascade initiated by tera-electron volt gamma rays in intergalactic medium. The
bound improves as Ag—1/2 if magnetic field correlation length, Ag, is much smaller than a
megaparsec. This lower bound constrains models for the origin of cosmic magnetic fields.




Cosmological Birefringence as a Topic Since 1990

K. Lund (UCSD)
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CMB & CPT

Probing CPT Violation with CMB Polarization Measurements

Jun-Qing Xia!, Hong Li%*3, and Xinmin Zhang?3

1 Scuola Internazionale Superiore di Studi Avanzati, Via Beirut 2-4, I-34014 Trieste, Italy Ph i
2 Institute of High Energy Physics, Chinese Academy of Science, ys cs
P. O. Box 918-4, Beijing 100049, P. R. China and

3 Theoretical Physics Center for Science Facilities (TPCSF), Chinese Academy of Science, P. R. China I‘etters B,

The electrodynamics modified by the Chern-Simons term L.s ~ pMAVF MY with a non-vanishing VOlo 687,

pu violates the Charge-Parity-Time Reversal symmetry (CPT) and rotates the linear polarizations I 2 3
of the propagating Cosmic Microwave Background (CMB) photons. In this paper we measure the SSue 4- 9
rotation angle A« by performing a global analysis on the current CMB polarization measurements 1 29 132
from the seven-year Wilkinson Microwave Anisotropy Probe (WMAPT), BOOMFERanG 2003 (B03), po = «

BICEP and QUaD using a Markov Chain Monte Carlo method. Neglecting the systematic errors of
these experiments. we find that the results fromIWMAP7 . B03 and BICEP all are consistent an

their combination gives Ao = —2.33 £ 0.72 deg (68% C.L.), indicating a 3 o detection of the CPT|
violation J'T'he QUaD data alone gives Aa = 0.99=0.42 deg (687 C'.L.) which has an opposite sign tor
the central value and smaller error bar compared to that obtained from WMAP7, B03 and BICEP.
When combining all the polarization data together, we find Aa = —0.04 £+ 0.35 deg (68% C.L.)
which significantly improves the previous constraint on A« and test the validity of the fundamental

CPT symmetry at a higher level. 1.4_. SR
Xia claimed BICEPI (w/ others) : ..| " :
had a 3 sigma detection of CPT = = -

violating

polarization rotation! N

Ao (deg)

FIG. 3: The one-dimensional posterior distributions of the
rotation angle derived from the BICEP polarization data.



So how to make the
definitive measurement?

1. Build the lowest possible systematic telescope!

2. Modulate the polarization signal: fast and tar away!
3. Calibrate in as many ways as possible.

4. Observe the cleanest possible regions of sky.

5. Analyze your data in least biased way possible. Check
for biases via “null tests”.




Comparison of CMB Sites: Modulation & Foregrounds
Steps 2 & 4

Foreground + optical survey coverage map

LSST Survey

~=J

~South Pole

observal;le sky

Requirements for Surveys:
(1) Low foreground regions for Inflation and Lensing

(2) Overlap with optical surveys to maximize impact of LSS measurements for neutrinos, dark
energy, dark matter, and astrophysics.

M. Devlin



Comparison of CMB Sites: Modulation & Foregrounds
Steps 2 & 4

Foreground + optical survey coverage map

~Greenland
observable
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Requirements for Surveys:
(1) Low foreground regions for Inflation and Lensing

(2) Overlap with optical surveys to maximize impact of LSS measurements for neutrinos, dark
energy, dark matter, and astrophysics.

M. Devlin
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The POLARBEAR
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Instrument design

POLARBEAR-I receiver

e Pulse tube cooler

3He / *He sorption cooler Reimaging lenses

JMUX SQUID output ™ k cal plane Rotating HWP/
IR blocking filters =

7 feel

1274 bolometers @ 150 GHz
Cooled to 25 mK

2.5 Meters

Huan Tran Telescope

Antenna

bolometer

Microstrip Filter




POLARBEAR evidence for B-modes...4.3\sigma from CMB alone

® 2-point correlation:
CMB BB power spectrum

(Ap] October 2014)
arXiv:1403.2369

® 3-point correlation:
CMB cross correlation with biased
tracers of dark matter halos

(PRL vol. 1'12,“Editors’ Suggestion)
arXiv:1312.6646

® 4-point correlation: polarized
lensing reconstruction
(PRL vol. 113, “Editors’ Suggestion)
arXiv:1312.6645




New PRD “Editors’ Suggestion” arXiv 1509.02461
POLARBEAR Constraints on Cosmic Birefringence and Primordial

Magnetic Fields

Polarbear Collaboratior

10
Coadded

RA23
RA12
Sf RA4.5

—

Ce9[x 10~ *deg’]
=
it
,
e

-105 500 1000 1500 2000

L

FIG. 2: The anisotropic cosmic rotation power spectra from
POLARBEAR ’s first-season data in three patches. The spec-
trum of an individual patch is indicated by the green (RA23),
blue (RA12) and orange (RA4.5) colors. The coadded (red)

power spectrum is consistent with zero.

PMF <3.9nG| [PMF <4.5 nG
POLARBEAR Planck

POLARBEAR Constraints on Cosmic Birefringence and Primordial Magnetic Fields
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Calibrating Polarization Orientation

A

-

Table 3: Current calibration methods and their precision.

as-designed
rotating far-field source

0.5° [48]
< 1° [50]

Hardware Method Precision || Celestial Source | Precision
dielectric sheet 1.3° 12| Tau A 0.5° 14
near-field wire grid 1.7° 51] Cen A 1.7°% [58]

Image: NASA




Polarization Orientation Calibration Error

Polarization Detectors

\
/|\ \‘/
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\|/

X miscalibrated by 45°
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Birefringence & Systematics

Leakage of temperature to polarization causes:

B x T, with w < 1
87 i AN 15

CalcculCil

Therefore systematics that are low enough for B-modes are
not necessarily sufficient to measure EB & TB

But, can use to “self-calibrate” polarization angle better
than with any calibrator (Keating, Shimon & Yadav (2012)
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Polarization Map: Calibrate
TauA (Crab nebula)

Temperature Stokes Q
1 I 1 Q 1 v ':j
7 M m
S 0.16 ] 0.0100 £ 0.0100
3 0.14 2 5 0.0075 2 ° 0.0075
E 0.12 E 0.0050 E 0.0050
¥ 0.10 P 0.0025 ¥ 0.0025
< oogx Z£ 0 - 0.0000 x& 0 , 0.0000 X
° 0.06 ® -0.0025 G -0.0025
g 0.04 & -0.0050 ¢ -0.0050
o _ 0.02 ° _g -0.0075 © _| -0.0075
= 0.00 3 -0.0100 -0.0100
o (a] (a]
-1%0 -5 0 5 10 e S 0 5 10 -1%% s 0 5 10
RA offset (arcminutes) RA offset (arcminutes) RA offset (arcminutes)

0 Cross-check with other experiments (WMAP,
QUIET, IRAM, PLANCK)

O Measure TauA every 36 hour obs. cycle

O Used TauA as calibrator for self-consistency;
used EB self-calibration for final results




Rotation Angle (deg)

Distant polarized galaxies

8

6

N

N

o

CMB TB and/or EB

=3

z=0.510 5.5 :

]

Z ~ 1100

CMB Pol .
. - Statistical uncertainty

- Systematic uncertainty

Kaufman, Keating, Johnson 2014



| CalSat: Invited for NSF MSIP

— Controt-system

W e

CubeSat

« Operates in the primary CMB bands

(47, 80, 140, 249, 309 GHz)
 Commercial microwave components
* Pure polarized signal

* CubeSat platform in Polar low Earth
orbit, visible from every observatory

« Star pointing cameras provide 0.05°
polarization angle precision

Use with current and future

Earth turns West-East



Today’s Challenge: Foregrounds

10° E
Planck (2015)
, ACTPﬁ{2014) )
~  10%¢ SPTPol (2013/14
— ' BICEP2/Keck (2015) _ BICEP2
§ PBear (2014) March 2014
- 1L
L 107
o
o BICEP2
% 100} After foreground
= i Removal from Planck
_+_
= 10%
=
107
Lensing
1073

L ]| | ok | | 1 1 1
20 80 220 400 650 1000 1500 2250 3000 4000 5000

Multipole ¢

Broad frequency coverage and resolution are

required to detect and remove foregrounds
L. Page



SPT-3G and Simons Array: Dust Buster Detectors

Fabricated at Argonne National Lab (ANL)

Sinuous detectors: multiple bands in
one spatial pixel.

DOE Labs (ANL, FNAL, LBNL, SLAC)
building up fabrication capabilities &
infrastructure.

L

j1SoGHE _, T
\. Bol In-line Triplexer
' Broadband dual- 95 GHz
polarized sinuous Bolometer
{ antenna

220 GH:
Bolometel

Cross-overs

\

Nb leads



Stage IV CMB experiment: CMB-5S4

HORACE H.RACKHAM @0 | TV Buildingfor Discovery

j
OF GRADUATE STUD: )3
100 ADUA ‘ Strategic Plan for U.S. Particle Physics in the Global Context

Repert of the Partics Phyics rojct rielizaisn Parel (5] ay 2014

Recommended

by the DOE Particle
Physics Project
Prioritization Panel (P5)
report for funding under
all budget scenarios.
Also, by the National
Resource Council’s
Antarctic Reports




CMB-S4 achieves critical thresholds in r, Nett and Zm,

Sensitivity Dark Energy
(|.IK2) Fu.lim O(Neff) o(zmv) FoM
2015 Stage 2 BOSS BAO Stage-3 DE
o e
2016 Blelld .105 <01 0.4 0.15eV ~130
2017
2018
2019 BOSS BAO Stage-3 DE
prior +DESI-BAO
2020 106 r=001 006 0.06eV ~350
Eint < 1016 GeV
2021
2022
2023 DESI BAO Stage-4 DE
prior (CMB+BAO+
SN+WL+CL)

2024 r=0.001 0.02 0.015eV ~1250




lake away

- Decade of the B-mode has begun!
- Fascinating physics beyond “just” the B-modes.

- Can’t combine experiments...they are highly
correlated.

- No standard polarized candle...must make our own!

- Foregrounds for other physics may be less
important than for gravitational waves.

- Exciting era of “big science” with CMB-S4!
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