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Science from CMB Polarization 

CMB 
Polarization 

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

•  Test physics at Grand Unification energies 
1016 GeV : Grand Unification theory 
Trillion (!) times higher energy than Higgs boson 

•  Observational evidence of quantum gravity 
LIGO: Classical gravitational radiation 
CMB: Gravity obeys quantum mechanics 





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

FIRAS spectrum: Blackbody at 50 ppm Planck sky map: Isotropic at 50 ppm 

COBE limits distortions to 50 ppm – Is that enough? 

Blackbody Spectrum 



CMB Spectral Distortions 

Distortion to blackbody spectrum proportional to integrated energy release 

Optically thin case: Compton y distortion 

Optically thick case: Chemical potential distortion 

CMB Photon 

e- 



Far-IR Tomography 
Intensity Mapping with C+, N+, CO lines 

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 

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 

Single Redshift Slice 

0.51 < z < 0.53 Single Channel 1245 GHz Switzer 2017 



y Distortion: Structure Formation 

Planck 2015 XXII, arXiv:1502.01596 
Khatri & Sunyaev 2015, arXiv:1505.00781 
Hill et al. 2015 

Planck Collaboration: A map of the thermal Sunyaev-Zeldovich effect
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Fig. 2: Reconstructed Planck all-sky Compton parameter maps for NILC (top) and MILCA (bottom) in orthographic projections.
The apparent difference in contrast observed between the NILC and MILCAmaps comes from differences in the residual foreground
contamination and from the differences in the filtering applied for display purposes to the original Compton parameter maps. For the
MILCA method filtering out low multipoles reduces significantly the level of foreground emission in the final y-map. The wavelet
basis used in the NILC method was tailored for tSZ extraction. For details see Planck Collaboration XXII (2015).

difference maps the astrophysical emission cancels out, which
makes them a good representation of the statistical instrumental
noise. These half-difference maps are used to estimate the
noise in the final Compton parameter map. In addition, survey
maps, which are also available for each channel, will be used to
estimate possible residual systematic effects in the y-map.

For the purpose of this paper we approximate the Planck ef-
fective beams by circular Gaussians, the FWHM estimates of
which are given in Table 1 for each frequency channel.

2.2. Simulations

We also use simulated Planck frequency maps obtained from
the Full Focal Plane (FFP) simulations (Planck Collaboration

3

Planck floor:      y > 5.4 x 10-8 

PIXIE 15-sigma detection 
Total monopole: y = 1.6 x 10-6 

PIXIE 450-sigma detection 
Relativistic correction (feedback) 

PIXIE 15-sigma detection 



Mu Distortions: Inflation 

Chemical potential 

Energy release at 104 < z < 106 

Silk damping: 
Energy goes to 
distort spectrum 

Temperature Power Spectrum 

Spectral distortions extend tests of inflation 
by 5 orders of magnitude in physical scale 

•  Scalar index and running  
•  Non-Gaussian fNL 
•  Tensor index and running 

Daly 1991 
Hu, Scott, & Silk 1994 
Chluba, Erickcek, & Ben-Dayan 2012 
Sunyaev & Khatri 2013 

Gravitational 
Energy 

Loss 

Trace primordial power spectrum  
to 5 decades smaller scales 
regardless of what created it! 

Enrico Pajer

Spectral distortions

• Dissipation of acoustic modes generate spectral 
distortions of mu and y type [Sunyaev, Zel’dovich; Peebles; Hu (Scott) Silk 
94, …]
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CMB in a Nutshell 

Planck Collaboration: The Planck mission

Fig. 19. Synchrotron polarization amplitude map, P =
p

Q2 + U2, at 30 GHz, smoothed to an angular resolution of 400, produced
by the di↵use component separation process described in (Planck Collaboration X 2015) using Planck and WMAP data.

Fig. 20. All-sky view of the magnetic field and total intensity of synchrotron emission measured by Planck. The colours represent
intensity. The “drapery” pattern, produced using the line integral convolution (LIC, Cabral & Leedom 1993), indicates the orienta-
tion of magnetic field projected on the plane of the sky, orthogonal to the observed polarization. Where the field varies significantly
along the line of sight, the orientation pattern is irregular and di�cult to interpret.
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Planck Collaboration: The Planck mission
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Fig. 21. Dust polarization amplitude map, P =
p

Q2 + U2, at 353 GHz, smoothed to an angular resolution of 100, produced by the
di↵use component separation process described in (Planck Collaboration X 2015) using Planck and WMAP data.

Fig. 22. All-sky view of the magnetic field and total intensity of dust emission measured by Planck. The colours represent intensity.
The “drapery” pattern, produced using the line integral convolution (LIC, Cabral & Leedom 1993), indicates the orientation of
magnetic field projected on the plane of the sky, orthogonal to the observed polarization. Where the field varies significantly along
the line of sight, the orientation pattern is irregular and di�cult to interpret.
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Planck 30 GHz 
synchrotron 

Planck 353 GHz  
dust 

Cosmic Coincidence:  
Similar Requirements for 
B-modes and Distortions 

•  Sensitivity 
•  Foreground Discrimination 
•  Systematic Error Rejection 

Polarization 

Spectral 
Distortions 

x100 

x100 



PIXIE Nulling Polarimeter 

Measured Fringe Pattern  
Samples Frequency Spectrum  

of Polarized Sky Emission 

Zero means zero: No fringes if sky is not polarized 

Stokes	Q	

Interfere 
Two Beams From Sky 

Polarizing  
Fourier Transform 
Spectrometer 

Beam-Forming 
Optics 

Multi-Moded 
Polarizing Detectors 

Instrument 
Isothermal 
With CMB 



Blackbody Calibrator Tests Blackbody Distortions 

Sky	Stokes	Q	
€ 
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Partially-assembled 
blackbody calibrator 

Calibrator stowed: 
Polarization only 

Calibrator deployed: 
Spectral distortions! 

Like FIRAS,  
But 1000x  

More Sensitive! 



PIXIE Observatory 

Sun 
Shades 

Beams to Sky 

Calibrator 
Fourier 
Transform 
Spectrometer 
(2.7 K) 

Instrument 
Electronics 

Module 
(280 K) 

Thermal 
Break 

Solar Panels 

Spacecraft 

Spin 1 RPM 

To 
Sun 

Scan 5 hrs  



L2	

Halo		
Orbit	

Spin		
1	RPM	

Scan	
5	Hours	

Sun	 Earth	

Moon	

L2	Orbit	Precession	
6	Months	

Instrument and Observatory 

L2 Halo Orbit 
•  Spin axis 91 deg to sun line 
•  Precess scan plane to follow sun line 
•  Full-sky coverage every 6 months 

Cryogenic instrument at L2 halo orbit 
•  Spin at 1 RPM about instrument boresight 
•  Scan once every 5 hours about sun line 



Sensitivity the Easy Way 

Single-Moded Optics Multi-Moded Optics 

Diffraction Limit: AΩ = λ2 

Single mode on each of 10,000 detectors 
Conserve etendu: Nmode = AΩ / λ2 

10,000 modes on each single detector 

Trade angular resolution for frequency coverage 



PIXIE Detectors 

Demonstrate multi-moded single-polarization photon-limited detectors 
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Foregrounds the Easy Way 
Phase delay L sets channel width 

Δν = c/L = 14.41 GHz 
Number of samples sets frequency range 

νi = [ 1, 2, 3 ... N/2 ] * Δν

400+ channels to 6 THz 

Many samples per mirror stroke = Many frequency bins 

Lowpass filter on optics  
limits response to zodiacal light 



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 

Calibrator 
Sky 

Detector 

Null Operation 

Instrument isothermal with CMB 
Minimize syserr source term 

Minimize offsets 
Offsets < 1 mK 

Signal Modulation 
Fringe Pattern: 
Fourier Modulation 

Spin: 
Amplitude 

Modulation 

FTS / spin / scan create complex time series 
Slow drifts, etc, transform out of signal band 

Immunity to slow drifts 
Clean ID for syserr 

Differential Operation 
x 

y 
x 

y 
A beam B beam 

Left Detector Right Detector 

Signal cancellation prior to detection 
Only 2nd order residual in sky signal! 

Double-difference 
Residuals < 1 nK 



Calibrator 
Sky 

Detector 

Example: Instrument Emission 

Detector 

Chain Multiple Nulls Together 

Maximum ΔT few mK 

Mirror Emissivity x 0.01 

Left/Right Asymmetry x 0.01 

Swap hot vs cold x 0.01 

Uncorrected Error few nK 

Corrected Error << 1 nK 

(with blue-ish tinge) 

tens of uK 

few hundred nK 

few nK 

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



Example: Beam Patterns 

Multiple levels of cancellation & symmetry  

A	Side	 B	Side	

X	 Y	

FAx	 FBy	

FTS	

Difference 2 beams prior to detection  
to cancel common-mode effects 

PLx / FAxE
2
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2
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2
x
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2
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First ... 

Then ... 

Instrument A/B symmetry: 
X polarization in A beam (blue) 

is mirror image of 
Y polarization in B beam (red)  

Anti-symmetric beam difference 
 forces beam effects 

to odd spin harmonics 
(m =1, 3, 5 ...) 

Sky signals only at m=0 (distortions) 
                           or m=2 (polarization)  

Single Detector Compare Detectors 



Example: Bandpass Calibration 
Math is Fun 

Mathematically deterministic frequency decomposition  
on a single detector 

Planck HFI Core Team: Planck early results. IV.

Fig. 1. HFI spectral transmission.

environmental conditions, the spectrum and flux of cosmic rays
at L2 is vastly different than that during the pre-flight testing.
Finally, due to the operational constraints of the cryogenic re-
ceiver, the end to end optical assembly could not be tested on
the ground with the focal plane instruments.

The instrument design and development are described in
Lamarre et al. (2010). The calibration of the instrument is de-
scribed in Pajot et al. (2010). The overall thermal and cryogenic
design and the Planck payload performance are critical aspects
of the mission. Detailed system-level aspects are described in
Planck Collaboration (2011a) and Planck Collaboration (2011b).

2.2. Spectral transmission

The spectral calibration is described in Pajot et al. (2010) and
consists of the end-to-end pre-launch measurements in the vicin-
ity of the passband, combined with component level data to de-
termine the out of band rejection over an extended frequency
range (radio-UV). Analysis of the in-flight data shows that the
contribution of CO rotational transitions to the HFI measure-
ments is important. An evaluation of this contribution for the
J = 1 → 0 (100 and 143 GHz bands), J = 2 → 1 (217 GHz
band), and J = 3 → 2 (353 GHz band) transitions of CO is
presented in Planck HFI Core Team (2011b).

3. Early HFI operation

3.1. HFI cool down and cryogenic operating point

The Planck satellite cooldown is described in Planck
Collaboration (2011b). The first two weeks after launch were
dedicated to a period of passive outgassing, which ended on
2 June 2009. During this period, gas was circulated through the
4He-JT cooler and the dilution cooler to prevent clogging by
condensable gases. The sorption cooler thermal interface with
HFI reached a temperature of 17.2 K on 13 June. The 4He-
JT cooler was only operated at its nominal stroke amplitude
of 3.5 mm on 24 June to leave time for the LFI to carry out
a specific calibration with their reference loads around 20 K.
On 27 June, the interface with the focal plane unit reached oper-
ating temperature of 4.37 K.

The dilution cooler cold head reached 93 mK on 3 July 2009.
Taking into account the thermal impact of the LFI tuning, the
cool down profile matched, to within a few days, the model de-
rived from the full system cryogenic testing that took place in
the summer of 2008 at CSL (Liège).

The regulated operating point of the 4 K stage was set at
4.8 K for the 4 K feed horns on the focal plane unit. The
other stages were set to 1.395 K for the so called 1.4 K stage,
100.4 mK for the regulated dilution plate, and 103 mK for the
regulated bolometer plate.

These numbers, summarised in Table 2, are very close to the
planned operational points. As the whole system works nomi-
nally, the margins on the interface temperatures and heat lift for
the cooling chain are large. The temperature stability of the reg-
ulated stages has a direct impact on the scientific performance
of the HFI. These stabilities are discussed in detail in Planck
Collaboration (2011b) and their impact on the power received
by the detectors is given in Sect. 3.3.1. The Planck active cool-
ing chain represents one of the great technological challenges of
this mission and has proved to be fully successful.

3.2. Calibration and performance verification phase

3.2.1. Overview

The calibration and performance verification (CPV) phase of the
HFI operations consisted of activities during the initial cooldown
to 100 mK and a subsequent period of nominal operation of ap-
proximately six weeks before the start of the scientific survey.
Activities related to the optimization of the detection chain set-
tings were performed first during the cooldown of the JFET am-
plifiers, and again during the CPV phase. Most of the operating
conditions were pre-determined during the ground calibration;
the main uncertainty was the in-flight optical background on the
detectors. Other CPV activities included:

– determination of the time response of the detection chain un-
der the in-flight background;

– determination of the channel-to-channel crosstalk;
– characterization of the bolometer response to temperature

fluctuations of the 4 K and 1.4 K optical stages and to the
bolometer plate;

– checking the response of the instrument to the satellite
transponder;

– optimization of the numerical compression parameters for
the actual sky signal and high energy particle glitch rate;

– measurement of the system response to a range of ring-to-
ring slew amplitudes (1.′7, 2.′0 [nominal], 2.′5);

– measurement of the effect of varying the scan angle with re-
spect to the Sun;

– measurement of the effect of varying the satellite spin rate
around the nominal value of 1 rpm.

All activities performed during the CPV phase confirmed the
pre-launch estimates of the instrument settings and operating
mode. We will detail in the following paragraphs the most sig-
nificant ones.

3.2.2. 4He-JT cooler operation

The 4He-JT cooler operating frequency was set to the nominal
value of 40.08 Hz determined during ground tests. Once the
cryogenic chain stabilized, the in-flight behaviour of the cooler
was similar to that observed during ground tests. A series of nar-
row lines, resulting from electromagnetic interference from the
cooler drive electronics, was observed in the pre-launch testing
and is present in the in-flight data. The long term evolution of
these “4 K” lines is discussed in Sect. 6.

On 5 August 2009, an unexpected shutdown of the
4He-JT cooler was triggered by its current regulator. Despite

A4, page 3 of 20

Bandpass mismatch + foregrounds = T"B error 
Analog filters difficult to model at nK precision 

FTS synthesized bands determined 
by sampling and apodization only 

νi = [ 1, 2, 3 ... N/2 ] * Δν

Pick maximum stroke so Δν = νCO / M 
Every Mth channel centered on a CO line!    



Example: Signal Modulation 

1.5 seconds 

1/f noise 1/f noise gets Fourier-transformed  
into lowest bins of synthesized spectra 
No striping in CMB maps 

Sampling Direction 

1.5 second Detector	

Peak at zero phase delay 
provides before-and-after reference 
for detector time constants 
126,000,000 times per detector 

Spacecraft spin creates amplitude 
modulation of entire fringe pattern 
Immunity to simple spin harmonics 



Unique Science Capability 

Full-Sky Spectro-Polarimetric Survey 
•  400 frequency channels, 30 GHz to 6 THz 
•  Stokes I, Q, U parameters 
•  49152 sky pixels each 0.9° × 0.9° 
•  Pixel sensitivity 6 x 10-26 W m-2 sr-1 Hz-1 

•  CMB sensitivity 70 nk RMS per pixel 

•  Polarization / inflation 
•  Tau / neutrino mass  
•  Spectral distortions / growth of structure 
•  ISM and Dust Cirrus 

Multiple Science Goals 

B-mode:      r < 4 x 10-4 
Distortion |µ| < 10-8, |y| < 5 x 10-9 

Legacy Archive for far-IR Astrophysics 

95% CL Limits: 



Multiple Decadal Goals in One MIDEX Mission 

*	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	

1010	yr	

109	yr	

108	yr	

105	yr	

1	yr	

<<	1	sec	Time	

Big	Bang	



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 

Mature 
technology 

Mirror	Transport	Mechanism	

Sun/Earth	Shield	

Calibrator	

Detector	

Wire%Gra(ngs%

Dihedral%
Mirror%

Transfer%
Mirrors%

Fourier	
Transform	
Spectrometer	

"PIXIE's spectral measurements alone  
justify the program" 

 -- NASA review panel 

Complementary to planned CMB missions 
•  LiteBIRD / PICO / CMB-S4 
•  High-frequency dust foreground 
•  Unique spectral distortion science 


