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and  
New CPR Constraints from BICEP2 & SPTpol 

Detections of CMB B-Mode Polarization 
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Introduction – CMB observations 
7 orders or more improvement in amplitude,  
15 orders improvement in power since 1965 

 1948 Gamow – hot big bang theory; Alpher & Hermann – 
about 5 K CMB 

 Dicke -- oscillating (recycling) universe: entropy  CMB 
 1965 Penzias-Wilson excess antenna temperature at 4.08 

GHz 3.5±1 K 2.5 4.5 (CMB temperature measurement ) 
 Precision to 10-(3-4)  dipolar (earth) velocity measurement 
 to 10-(5-6) 1992 COBE anisotropy meas.  acoustic osc. 
 2002 Polarization measurement (DASI) 
 2013 Lensing B-mode polarization (SPTpol) 
 2014 Indication of PrimitiveTensor B-mode (r) (BICEP2) 
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Example sensitivity goals 
at 2008: Litebird  
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Present & Past 

 6.0K <T(2.33771) < 14K Prediction: 9.1 K(2000) 
 The measurement is based on the excitation of 

the two first hyperfine levels of carbon (C and 
C+ induced by collisions and by the tail of the 
CMB photon distributions. Nature 2000 

     (inconsistency : H2 and HD  abundance  
      measurement) (2001) 
 The cosmic microwave background 

radiation temperature at z = 3.025 
     toward QSO0347-3819,  P Molaro et al      
     Astronomy & Astrophysics 2002 
 Measurement of effective temperature 
       at different redshift 
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A & A 
2014 
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Power spectra of curvature and 
tensor perturbations 
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Slow-roll scenario as an example 
single field, standard kinetic term 
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Constraints on Tensor-to-Scalar 
Ratio r (≡ nt/ns) before 2013.09. 

Experiment Constraint Goal/Perspective 
(precision) 

WMAP 9 < 0.38 

WMAP 7 + ACT < 0.28 

WMAP 7 + SPT < 0.18 

PLANCK + WMAP 
Polarization < 0.11 (2σ) 

PLANCK 0.0? 

QUIET (1st session) 0.35+1.06
– 0.87 (43 GHz) 0.1 (43 GHz) 

QUIET (2nd session) < 2.7 (2σ) (95 GHz) 0.01 (95 GHz) 

POLARBEAR 0.007 

B-pol, CMB-pol, Litebird 0.001 
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 ArXiv 1405.0346 
 Blue Tensor Spectrum from 

particle production during 
inflation, Mukohyama, Namba, 
Peloco, Shiu 
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Works present in this Workshop relating 
to Axions and Pseudo scalar-photon 

(gauge) interactions 

 Choi’s talk: Implications of the Tensor Mode 
Detection by BICEP2 for QCD Axion 

 Sam Wong’s talk: Helical inflation and Cosmic 
Strings 

 Namba’s talk tomorrow: Blue Tensor 
Spectrum from Particle Production during 
Inflation 

 Kodama’s talk: Exploring the Axiverse by GWs 
and γ-rays 
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Dynamics of Pseudoscalar field 
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Exploring the Axiverse and 
bosenova ‘stars’ by CPR  

 Monday talk by Kodama-san: Exploring the Axiverse by 
GWs and γ-rays 
 
 
 
 

 CPR rotation in phase: ξ[φ(P2) – φ(P1)] classically, 
independent of the Bosenova pseudoscalar potential if it 
does not influence the P1 potential 

 Quantum effects may need to and can be studied through  
     absorption, i.e., dichroism (due to pol-dependent absorption) 
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A 4-point P1 on 
Last Scattering  
Surface 

Bosenova  
‘stars’ 

Dectector  
At 4-point P2 



Three approaches to 
Axions/Pseudoscalar-photon interactions 

 Top down approach – string theory 
 Bottom up approach – QCD axion 
 Phenomenological approach -- gravitation 
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≈ ξφ,μ AνF~μν  

          ≈ ξ (1/2)φ FμνF~μν 
 
(Mod Divergence) 

φ: Pseudoscalar field or 
pseudoscalar function of 
gravitational or relevant fields 



Einstein Equivalence Principle 
EEP 

 Minimal coupling  EEP 
 We heard of nonminimal couplings in this 

workshop 
 Looking for theoretical and empirical 

foundations of EEP is important 
 I started in 1972 to work on this 
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Galileo EP Electromagnetism： 
Charged particles and photons  
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Pseudo-scalars: Pseudoscalar-Photon Coupling 
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The ISSUE of testing EEP is the issue 
of deriving the spacetime structure 

from experiments   

 First step: How to derive spacetime 
structrure/the light cone from classical, local 
and linear electrodynamics 

 EEP for light: (i) trajectory independent of 
frequency (photon energy) and polarization: no 
birefringence 

   (ii) no polarization rotation (w.r.t matter spin) 
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Framework for testing EEP 
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Constitutive Law 

 To complete this set of Maxwell equations, 
one needs a constitutive relation between the 
excitation and the field: 

            Hij = (1/2) χijkl Fkl.   
                                
 Since both Hij and Fkl are antisymmetric, χijkl 

must be antisymmetric in i and j, and k and l. 
Hence χijkl has 36 independent components. 
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Decomposition  
of the constitutive tensor 

 
 
 
 
 
 

 Principal part: 20 degrees of freedom 
 Axion part: 1 degree of freedom 
       (Ni 1973,1974,1977; Hehl et al. 2008 Cr2O3) 
 Skewon part: 15 degrees of freedom  
       (Hehl-Ohbukhov-Rubilar skewon 2002) 
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Skewonless EM wave propagation 
in local linear electrodynamics 
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Dispersion relation and Nonbirefringence condition 
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Observational Constraints 
from Pulsars 

 

2014.05.22  HKUST CPR and Constraints from B-mode polarization      W.-T. Ni  28 



Outlook for the future at 1983 
extra-galactic pulsars & optical/X-ray observations 

 Now constraining to 10−32 
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Amplification/dissipation 
constraint 
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Redshift kt 



       Type I skewons are 
 constrained to 
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Cosmic Polarization Rotation:  
(i) test fundamental law of EM propagation; 

(ii) map the cosmic pseudoscalar field 
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Space contribution to the local polarization rotation 
angle -- [μΣ13φ,μΔxμ] = |▽φ| cos θ Δx0. The time 
contribution is φ,0 Δx0. The total contribution is 
(|▽φ| cos θ + φ,0) Δx0.  (Δx0 > 0)  

Intergrated: 
φ(2) - φ(1) 
1: a point at the  
decoupling epoch 
2: observation  
point  



2014.05.22  HKUST CPR and Constraints from B-mode polarization      W.-T. Ni  35 

Variations and Fluctuations 

 Rotation φ(2) - φ(1) 
 δφ(2) - δφ(1): δφ(2) variations and 

fluctuations at the last scattering surface of  
the decoupling epoch; δφ(1), at present 
observation point, fixed 

 <[δφ(2) - δφ(1)]^2>  variance of fluctuation 
~ [couplingξ × 10^(-5)]^2 

 The coupling depends on various 
cosmological models 



Exploring the Axiverse and 
bosenova ‘stars’ by CPR  

 Monday talk by Kodama-san: Exploring the Axiverse by 
GWs and γ-rays 
 
 
 
 

 CPR rotation in phase: ξ[φ(P2) – φ(P1)] classically, 
independent of the Bosenova pseudoscalar potential if it 
does not influence the P1 potential 

 Quantum effects may need to and can be studied through  
     absorption, i.e., dichroism (due to pol-dependent absorption) 
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A 4-point P1 on 
Last Scattering  
Surface 

Bosenova  
‘stars’ 

Dectector  
At 4-point P2 



Q & A Experiment and Measuring the 
parameters of the PPM electrodynamics 

Δn = n║ - n┴ = 4.0 x 10-24 (Bext/1T)2 
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Constraints on cosmic polarization 
rotation from CMB 



WMAP9 and BICEP1 Constraints 
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Constraints on Cosmic Polarization 
Rotation φ(x, y, z, t; x0, y0, z0, t0)  

Method CB rotation Distance Direction Ref. 

RG radio pol. |θ| < 6º 0.4 < z < 1.5 all-sky (uniformity ass.) 

RG radio pol. θ = -0.6º ± 1.5º <z> = 0.78 all-sky (uniformity ass.) 

RG UV pol. θ = -1.4º ± 1.1º z = 0.811 RA: 176.37º, Dec: 31.56º 

RG UV pol. θ = -0.8º ± 2.2º <z> = 2.80 all-sky (uniformity ass.) 

RG UV pol. <θ2> ≤ (3.7º)2 <z> = 2.80 all-sky (stoch. var.) 

CMB pol. 
BOOMERanG θ = -4.3º ± 4.1º z ~ 1100 all-sky (uniformity ass.) 

CMB pol. QUAD θ = 0.64º ± 0.71º z ~ 1100 all-sky (uniformity ass.) 

CMB pol. BICEP θ = -2.6º ± 1.2º z ~ 1100 all-sky (uniformity ass.) 

CMB pol. WMAP7 θ = -1.1º ± 2.0º z ~ 1100 all-sky (uniformity ass.) 
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Three processes can produce CMB  
B-mode polarization observed 

 (i) gravitational lensing from E-mode 
          polarization (Zaldarriaga & Seljak 1997),  
 (ii) local quadrupole anisotropies in the CMB within the  
        last scattering region by large scale GWs (Polnarev 1985)  
 (iii) cosmic polarization rotation (CPR)  
  due to pseudoscalar-photon interaction  
   (Ni 1973; for a review, see Ni 2010). 
    (The CPR has also been called  
       Cosmological Birefringence) 
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NEW CONSTRAINTS ON COSMIC POLAR-
IZATION ROTATION FROM DETECTIONS 

OF B-MODE POLARIZATION IN CMB 
Alighieri, Ni and Pan 



 BICEP2 had made about 1 degree 
global (whole patch) de-rotation for B-
mode 

2014.05.22  HKUST CPR and Constraints from B-mode polarization      W.-T. Ni  43 



 

2014.05.22  HKUST CPR and Constraints from B-mode polarization      W.-T. Ni  44 



SPTpol results 
 If the B-mode from the CPR  
    propagation effect due to the 
 pseudoscalar-photon interaction 
 is correlated with the matter distribution, the correlation 
detection of SPTpol experiment  would include this contribution. 
  If that is so, we can further constrain the parameter αη since 

the tensor B-mode decreases quickly for l>500. In our fits we 
assume 0%, 16.7%, 42.5%, and 100% correlation of the 
contribution from the cosmic polarization rotation to the 
power spectra depending on the dynamical model of 
pseudoscalar considered. 
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NEW CONSTRAINTS ON COSMIC POLAR-
IZATION ROTATION FROM DETECTIONS 

OF B-MODE POLARIZATION IN CMB 
Alighieri, Ni and Pan 



CPR fitting to BICEP2 & SPTpol 

 Our fits give r = 0.18+-0.03 and αη
2 = η2<α>2 + <δα2> =0.000667+-

0.00052, where (1−η) is the efficiency in the uniform angle de-rotation, 
which is sometime applied to the measured CMB Q and U maps to 
compensate for insufficient calibrations of the polarization angle (Keating 
et al. 2013).  

 This value of αη
2 results in an upper limit αη < 0.0345 rad (1.97°). 
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Discussions (1404.1701) 

 we have investigated, both theoretically and 
experimentally, the possibility to detect CPR, or set 
new constraints to it, using its coupling with the B-
mode power spectra of the CMB.  

 Three experiments have detected B-mode 
polarization in the CMB: 

  SPTpol (Hanson et al. 2013) for 500<l<2700,  
 BICEP2 (Ade et al. 2014b) for 20<l<340, and  
 POLARBEAR (Ade et al. 2014c) for 500<l<2100. 
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Two Issues in practical realization 

 First, in order to eliminate the observed excess of TB and EB 
power over the lensing expectations, the BICEP2 and the 
POLARBEAR collaborations have applied a de-rotation of ~1° to 
the final Q/U maps by minimizing the TB and EB power, since 
they cannot calibrate the overall polarization angle at this level 
of accuracy (Kaufman et al. 2014). 

 By minimizing the TB power, the mean pseudoscalar polarization 
rotation angle is de-rotated by 2α and only the fluctuation part 
remains included in the BB polarization spectra. Minimizing EB 
power, the mean pseudoscalar polarization rotation angle is also 
de-rotated by about 2α. So the constraint on α is on the 
fluctuations and the leftover α of φ to the precision of rotation.  
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Two Issues in practical realization 

 The SPTpol collaboration have not explicitly de-rotated 
their polarization data, but state that, although they 
have corrected for leakage of the CMB temperature 
into polarization (I  Q and U), the effect of this 
correction on the measured polarization amplitude is 
less than 0.1σ (Hanson et al. 2013).  

 They also state that their systematic uncertainty on the 
polarization angle is less than 1° at 150 GHz. 
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Possible contamination of B-mode power 
spectra due to foreground anisotropies 

 The second practical issue is related to : the galactic ones are 
minimized by a careful selection of the observed sky regions, while 
those due to distant FIR-luminous galaxies can have an effect at 
l>500 (e.g. Holder et al. 2013).  

 However, the SPTpol team has applied a correction derived from 
Herschel data (Hanson et al. 2013). On the other hand the 
POLARBEAR collaboration finds that the foreground contamination is 
negligible and have not corrected for it (Ade et al. 2014c).  

 We notice that the POLARBEAR data on CBB at l=700 (the only one 
with S/N>1.5), which is not corrected for foreground contamination, is 
consistent with the higher S/N SPTpol data, which have been 
corrected, giving us some confidence that the correction should not 
have an adverse influence. 
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Outlook 

  100 GHz Keck Array data will be available soon 
  Three frequency BICEP3/Keck Array data (coming 2015?), 

should be able to characterize foregrounds 
 Planck will soon release its polarization data which will be 

extremely valuable for our understanding of foregrounds 
because of its frequency coverage 

 If pseudoscalar-photon interaction exists, a natural cosmic 
variation of the pseudoscalar field at the decoupling era is 
10-5 fractionally. The CPR fluctuation is then of the order 
of 10-5φdecoupling-era. We will look for its possibility of 
detection or more constraints in future experiments. 

 Next generation missions would be able to probe this 
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Primordial 
Gravitational 
Waves 

 strain sensitivity  
   
 (ω^2) energy 

sensitivity 
 Ω: energy sensitivity 

in terms of cosmic 
closure density 
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Primordial GW detection in 
space 2035+ 

 eLISA is planned for Launch in 2034. 
Assume 1-year transfer to science orbit 
configuration, observation could start in 
2035 

 Large r makes the possible detection of 
primordial GWs realistic. After 2035, 
proposals like ASTROD-GW, BBO and 
DECIGO have chances to be implemented. 
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       Summary 
 CPR is a way to probe pseudoscalar-photon 

interaction and a way to probe inflation dynamics, 
especially in view of a possible high r 

 New CPR constraints from B-mode are explored 
 De-rotation is a way to measure CPR with calibration 

accuracy 
 CPR is a means to test EEP or to find new physics 
 From the empirical route to construct spacetime 

structure, axion and type II skewon are possibilities 
   which could be explored further 
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Thank You！ 


	��Cosmic Polarization Rotation (CPR) induced from Pseudoscalar-Photon interaction �and �New CPR Constraints from BICEP2 & SPTpol Detections of CMB B-Mode Polarization
	Introduction – CMB observations�7 orders or more improvement in amplitude,  15 orders improvement in power since 1965
	Example sensitivity goals at 2008: Litebird 
	Present & Past
	A & A 2014
	Power spectra of curvature and tensor perturbations
	Slow-roll scenario as an example�single field, standard kinetic term
	Constraints on Tensor-to-Scalar Ratio r ( nt/ns) before 2013.09.
	Slide Number 9
	Works present in this Workshop relating to Axions and Pseudo scalar-photon (gauge) interactions
	Dynamics of Pseudoscalar field
	Exploring the Axiverse and bosenova ‘stars’ by CPR 
	Three approaches to Axions/Pseudoscalar-photon interactions
	≈ ξφ,μ AνF~μν �          ≈ ξ (1/2)φ FμνF~μν��(Mod Divergence)
	Einstein Equivalence Principle�EEP
	Galileo EP Electromagnetism：�Charged particles and photons 
	Pseudo-scalars: Pseudoscalar-Photon Coupling
	Slide Number 18
	The ISSUE of testing EEP is the issue of deriving the spacetime structure from experiments  
	Framework for testing EEP
	Constitutive Law
	Decomposition �of the constitutive tensor
	Skewonless EM wave propagation in local linear electrodynamics
	Dispersion relation and Nonbirefringence condition
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Observational Constraints from Pulsars
	Outlook for the future at 1983�extra-galactic pulsars & optical/X-ray observations
	Amplification/dissipation constraint
	       Type I skewons are� constrained to
	Slide Number 32
	Cosmic Polarization Rotation: �(i) test fundamental law of EM propagation; (ii) map the cosmic pseudoscalar field
	Space contribution to the local polarization rotation angle -- [μΣ13φ,μΔxμ] = |▽φ| cos θ Δx0. The time contribution is φ,0 Δx0. The total contribution is (|▽φ| cos θ + φ,0) Δx0.  (Δx0 > 0) 
	Variations and Fluctuations
	Exploring the Axiverse and bosenova ‘stars’ by CPR 
	Q & A Experiment and Measuring the parameters of the PPM electrodynamics
	Constraints on cosmic polarization rotation from CMB
	WMAP9 and BICEP1 Constraints
	Constraints on Cosmic Polarization Rotation (x, y, z, t; x0, y0, z0, t0) 
	Three processes can produce CMB �B-mode polarization observed
	Slide Number 42
	Slide Number 43
	Slide Number 44
	SPTpol results
	Slide Number 46
	CPR fitting to BICEP2 & SPTpol
	Discussions (1404.1701)
	Two Issues in practical realization
	Two Issues in practical realization
	Possible contamination of B-mode power spectra due to foreground anisotropies
	Outlook
	Primordial Gravitational Waves
	Primordial GW detection in space 2035+
	       Summary
	Slide Number 56

