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Science from CMB Polarization

» Search for primordial inflation
Trace evolution back to single quantum system
Oldest information in the universe

 Test physics at Grand Unification energies
1076 GeV : Grand Unification theory
CMB Trillion (!) times higher energy than Higgs boson

Polarization

» Observational evidence of quantum gravity
LIGO: Classical gravitational radiation
CMB: Gravity obeys quantum mechanics
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Blackbody Spectrum

COBE limits distortions to 50 ppm — Is that enough?
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FIRAS spectrum: Blackbody at 50 ppm Planck sky map: Isotropic at 50 ppm

PIXIE 1000x deeper than COBE — Sky cannot be black at this level



CMB Spectral Distortions

Optically thin case: Compton y distortion
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Far-IR Tomography

Intensity Mapping with C+, N+, CO lines

Single Redshift Slice

Cross-correlate PIXIE with
redshift-tagged galaxy surveys

* Track star formation vs redshift
* 5—10% redshift bins at z=2—3
* Compare to continuum CIB

Switzer 2017

Low spatial resolution
Integrated emission from many sources

Multiple frequency bins
Multiple redshift slices

Red-shifted far-IR lines
C+ 158 um > Star formation rate
CO ladder - Cold gas reservoir
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y Distortion: Structure Formation

Planck floor: y>5.4x103%
PIXIE 15-sigma detection

Total monopole: y = 1.6 x 106
PIXIE 450-sigma detection

Relativistic correction (feedback)
PIXIE 15-sigma detection
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Mu Distortions: Inflation
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Spectral distortions extend tests of inflation
by 5 orders of magnitude in physical scale

« Scalar index and running
* Non-Gaussian fy,
» Tensor index and running

Daly 1991

Hu, Scott, & Silk 1994

Chluba, Erickcek, & Ben-Dayan 2012
Sunyaev & Khatri 2013
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Trace primordial power spectrum
to 5 decades smaller scales
regardless of what created it!
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CMB in a Nutshell
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Cosmic Coincidence:
Similar Requirements for
B-modes and Distortions

* Sensitivity

* Foreground Discrimination

» Systematic Error Rejection
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PIXIE Nulling Polarimeter

Instrument
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Zero means zero: No fringes if sky is not polarized



Blackbody Calibrator Tests Blackbody Distortions
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PIXIE Observatory

Spin 1 RPM

Beams to Sky

Calibrator
Fourier
Transform
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Spacecraft




Instrument and Observatory

Instrument
(2.725 K)

Cryogenic instrument at L2 halo orbit
Polarizing » Spin at 1 RPM about instrument boresight

?fau,:ﬁ;rm Spin 1 RPM « Scan once every 5 hours about sun line

Spectrometer

Instrument
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» Spin axis 91 deg to sun line NP Orbit’\\
* Precess scan plane to follow sun line

L2 Orbit Precession

* Full-sky coverage every 6 months 6 Months




Sensitivity the Easy Way

Single-Moded Optics Multi-Moded Optics

Aperture

Concentrator

Detector
Diffraction Limit: AQ = A2 Conserve etendu: N, 4. = AQ /A2
Single mode on each of 10,000 detectors 10,000 modes on each single detector

Trade angular resolution for frequency coverage



PIXIE Detectors
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Demonstrate multi-moded single-polarization photon-limited detectors



Antenna Temperature (uK, rms)

Foregrounds the Easy Way
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Systematic Error Control

Would you rather tame a lion ... ... Or a kitten?

Multiple paths to minimize systematic errors



Taming the Beast: A Menagerie of Methods

Null Operation Differential Operation Signal Modulation
Calibrator —X y74x

Abeam B beam

Fringe Pattern:
1 Fourier Modulation

Amplitude (Arbitrary Units)
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Left Detector ~ Right Detector Modulation ~ *°t———. P
Detector Elapsed Time (Seconds)
Instrument isothermal with CMB Signal cancellation prior to detection  FTS / spin / scan create complex time series
Minimize syserr source term Only 2" order residual in sky signal! Slow drifts, etc, transform out of signal band
Minimize offsets Double-difference Immunity to slow drifts

Offsets < 1 mK Residuals < 1 nK Clean ID for syserr



Example: Instrument Emission
Chain Multiple Nulls Together

Calibrator

m Sky Maximum AT few mK
‘ | Mirror Emissivity x 0.01 [> tens of uk
o —

Left/Right Asymmetry x 0.01 [> few hundred nK

Swap hot vs cold x 0.01 [> few nK

Uncorrected Error few nK (with blue-ish tinge)

Detector

Corrected Error <<1nK

Multiple levels of nulling reduce systematics to negligible levels
without relying on any single null



Example: Beam Patterns
First ...

Difference 2 beams prior to detection
to cancel common-mode effects
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NN | 0 is mirror image of (m=1,3,5..)
NN AR /// 0 Y polarization in B beam (red)
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SN KX 4,000 s Sky signals only at m=0 (distortions)
. AN NS / ) . .
A Side s o B Side or m=2 (polarization)
FTS

Multiple levels of cancellation & symmetry



Spectral Transmission

Example: Bandpass Calibration
Math is Fun
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Mathematically deterministic frequency decomposition
on a single detector



Example: Signal Modulation

“ S, = Z S; exp(2mivk/N;)
1/f noise £ k - 1/f noise gets Fourier-transformed
B into lowest bins of synthesized spectra
oot > No striping in CMB maps
< 1.5 seconds > 5= / syexp(z}c)du/ B
n Sainpling Direction Peak at zero phase delay
4 provides before-and-after reference
for detector time constants
126,000,000 times per detector
< >
1.5 second
Lon,

Spacecraft spin creates amplitude
modulation of entire fringe pattern
Immunity to simple spin harmonics
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Intensity (W m™ Hz™! sr™!

Unique Science Capability
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Multiple Science Goals

» Polarization / inflation
* Tau / neutrino mass

* Spectral distortions / growth of structure
* ISM and Dust Cirrus

95% CL Limits:
B-mode: r<4x10+4

Distortion |u| < 108, |y| <5 x 10-°

20 um

Full-Sky Spectro-Polarimetric Survey
* 400 frequency channels, 30 GHz to 6 THz

» Stokes |, Q, U parameters

» 49152 sky pixels each 0.9° x 0.9°

* Pixel sensitivity 6 x 10-26 W m-2 sr' Hz

» CMB sensitivity 70 nk RMS per pixel

Legacy Archive for far-IR Astrophysics
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Multiple Decadal Goals in One MIDEX Mission

Big Bang

Time << 1 sec

* Specifically called out in Astro-2010 Decadal Survey

Big Bang Cosmology *
Inflation
Grand Unification physics
Quantum gravity

Early Universe
Dark matter decay/annihilation
Primordial density perturbations

Reionization and First Stars *
Detection of neutrino mass
Nature of first stars

Large-scale Structure
Cosmic tomography
Star formation history

Galactic Structure
Assembly history of the Galaxy
Dust & chemical separation

All this science
with
single instrument



PIXIE Status

Conceived as NASA MIDEX mission
« $250M Cost Cap + launch vehicle

» 4—5 years from selection to launch
But ... PIXIE not selected

Continue to develop mission concept

* Dust Buster balloon to measure dust
» 2019 Mission of Opportunity
« 2022 MIDEX AO

Complementary to planned CMB missions
* LiteBIRD / PICO / CMB-S4

 High-frequency dust foreground
» Unique spectral distortion science

"PIXIE's spectral measurements alone
justify the program"
-- NASA review panel
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