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Outline Outline 
 General Overview General Overview 

• Why Polarization Measurements are Crucial?Why Polarization Measurements are Crucial?
 Primordial Magnetic Field SignaturesPrimordial Magnetic Field Signatures

• CMB polarization anisotropiesCMB polarization anisotropies
• Faraday Rotation Effect Faraday Rotation Effect 

 Magnetic Field LimitsMagnetic Field Limits
• B-polarizationB-polarization
• CMB OdditiesCMB Oddities



By Now We Observe the UniverseBy Now We Observe the Universe
Mostly ThroughMostly Through

  

Electromagnetic WavesElectromagnetic Waves

In future: In future: 
 Neutrinos, Gravitational Waves Neutrinos, Gravitational Waves  
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  In astrophysics EM waves polarization In astrophysics EM waves polarization 
measurements are widely usedmeasurements are widely used

In particular, 
For the magnetic tests 



 I – intensity: aI – intensity: axx
22+a+ayy

22

 Q – polarization (linear) aQ – polarization (linear) axx
22-a-ayy

22

 U – polarization (linear) 2aU – polarization (linear) 2axxaayy cos ( cos (φφ xx--φφ yy))

 V – polarization (circular) 2aV – polarization (circular) 2axxaayy sin( sin(φφ xx--φφ yy))

 I and V – invariants under rotationI and V – invariants under rotation
 Q Q exchange exchange U, U U, U exchangeexchange Q:  Q: 

• QQ22+U+U22 invariant invariant

Polarization of Polarization of 
Electromagnetic WavesElectromagnetic Waves



E and B polarizationE and B polarization
 E_l – electric (-1)E_l – electric (-1)ll  

Pure QPure Q
• North/SouthNorth/South
• East/WestEast/West

 B_l – magnetic (-1)B_l – magnetic (-1)l+1l+1  

Pure UPure U
• Northeast/SouthwestNortheast/Southwest
• Northwest/SoutheastNorthwest/Southeast



Magnetic Field on the Universe Magnetic Field on the Universe 

 Observations: Observations: 
• Magnetic field in Magnetic field in 

galaxies and clusters,galaxies and clusters,
      1010-6-6-10-10-5-5 Gauss Gauss
• Cosmic rays Cosmic rays 

propagation propagation 
      1010-11-11 Gauss on 1 Mpc Gauss on 1 Mpc

 Numerical simulationsNumerical simulations
 Theoretical models Theoretical models 

• Nonlinear process, Nonlinear process, 
magnetic field magnetic field 
amplification, MHDamplification, MHD

• Cosmological magnetic Cosmological magnetic 
fieldfield

R. Beck

 E. Fermi E. Fermi “On the origin of the cosmic radiation”,“On the origin of the cosmic radiation”, PRD,  PRD, 
75, 1169 (1949)75, 1169 (1949)

 F. Hoyle in Proc. F. Hoyle in Proc. “La structure et l’evolution de “La structure et l’evolution de 
l’Universe”l’Universe” (1958) ” (1958) ”

Faraday Rotation effect



Magnetic HelicityMagnetic Helicity

 Astrophysical Astrophysical 
Observations Observations 

(Mirror symmetry (Mirror symmetry 
breaking)breaking)
• Sun magnetic fieldSun magnetic field
• Active galactic nucleiActive galactic nuclei
• Jets Jets 

 How we observe How we observe 
magnetic helicitymagnetic helicity

• The polarization of emitted The polarization of emitted 
synchrotron radiationsynchrotron radiation  

T.A. Ensslin, 2003; J. P. Valee, 2004T.A. Ensslin, 2003; J. P. Valee, 2004



Neronov and Vovk, Science 2010



Why Cosmological Magnetic Fields Why Cosmological Magnetic Fields 
are attractive?are attractive?

 Might serve as seeds for the Might serve as seeds for the 
observed fields in galaxies and observed fields in galaxies and 
clustersclusters

 Might be responsible for large scale Might be responsible for large scale 
correlated magnetic fields in the correlated magnetic fields in the 
voids voids 

 Might explain some cosmological Might explain some cosmological 
observations observations 



Generation MechanismsGeneration Mechanisms
 InflationInflation

 Phase transitionsPhase transitions

 SupersymmetrySupersymmetry

 String CosmologyString Cosmology

 Topological deffectsTopological deffects



 The EM Waves The EM Waves 
for the past - for the past - 
CMBCMB

CMB allows us “see” until CMB allows us “see” until 

  last scatering surfacelast scatering surface



CMB CMB PolarizationPolarization
Bond & Efstathiou 1984 Polnarev 1985, Kosowsky 1996, Bond & Efstathiou 1984 Polnarev 1985, Kosowsky 1996, 
Kamionkowski et al. 1997; Zaldarriaga & Seljak 1997, Hu & White 1997Kamionkowski et al. 1997; Zaldarriaga & Seljak 1997, Hu & White 1997

 Generation of Generation of 
Polarization anisotropy Polarization anisotropy 
• Boltzmann equationBoltzmann equation
• Scalar mode – only E-Scalar mode – only E-

polarizationpolarization
 Propagation effectsPropagation effects

• BirefrigenceBirefrigence
• LensingLensing
• Lorentz symmetryLorentz symmetry

 Input: E –polarizationInput: E –polarization
 Output: B-polarization Output: B-polarization 

Wayne Hu Web-page

http://background.uchicago.edu/~whu/polar/fig1.ps
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Polarization Plane Rotation Angle: WMAPPolarization Plane Rotation Angle: WMAP
Lorentz Symmetry or Parity Symmetry Violation?Lorentz Symmetry or Parity Symmetry Violation?    

Komatsu et al. 2008

A Primordial Magnetic Filed?  



Magnetic Field SpectrumMagnetic Field Spectrum
 Two point correlation function Fourier space Two point correlation function Fourier space 

 The averaged The averaged 
helicity spectrum helicity spectrum 
amplitude Hamplitude HMM(k,t)(k,t)

 The averaged The averaged 
magnetic field magnetic field 
energy spectrum energy spectrum 
amplitude Eamplitude EMM(k,t)(k,t)

 Schwatz’s Schwatz’s 
inequalityinequality

    |H|HMM(k,t)| (k,t)| ·· 2 E 2 EMM(k,t)/k(k,t)/k
        

Isotropic & helical divergence 
free vector field



Smoothed Magnetic FieldSmoothed Magnetic Field
 The smoothed field The smoothed field 

valuevalue

 The magnetic The magnetic 
energy density energy density 

      ρρ BB = B = Beffeff
22/8/8ππ   

kD definition 
Subramanian and Barrow 1998

Jedamzik, Katalinic, and Olinto 2000



BBeffeff vs B vs Bλλ

 If the magnetic field is generated during If the magnetic field is generated during 
inflation and has a scale invariant inflation and has a scale invariant 
spectrum with nspectrum with nBB  ->-> -3 then  -3 then 

      BBλλ  = B = Beffeff for any value of  for any value of λλ  and this result  and this result 
does not depend on ndoes not depend on nBB

 For any other fields the difference For any other fields the difference 
between Bbetween Beffeff and B and Bλλ  ( (λλ =1Mpc) might be =1Mpc) might be 
enormous, while the physical effects enormous, while the physical effects 
depend on Bdepend on Beffeff we proposed to derive all  we proposed to derive all 
effects in terms of the total magnetic effects in terms of the total magnetic 
energy density present in the Universe. energy density present in the Universe. 



CMB Faraday rotationCMB Faraday rotation
 Kosowsky & Loeb 1996   Kosowsky & Loeb 1996   

CMB polarization rotation angleCMB polarization rotation angle

 Scannapieco & Ferreira 1997Scannapieco & Ferreira 1997

CMB temperature and polarization anisotropies cross-CMB temperature and polarization anisotropies cross-
correlations correlations 

Limits – around 10Limits – around 10-8-8-10-10-9-9 Gauss Gauss



Faraday Rotation by Faraday Rotation by 
a Stochastic Magnetic Fielda Stochastic Magnetic Field

Kosowsky, Kahniashvili, Lavrelashvili, and Ratra 2005





BBλλ  vs. B vs. Beffeff

 Campanelli, et al. Campanelli, et al. 
2004, Kosowsky, 2004, Kosowsky, 
Kahniashvili, et al. Kahniashvili, et al. 
20052005

 Kahniashvili, Kahniashvili, 
Tevzadze, et al. Tevzadze, et al. 
20102010



B­polarization from Faraday B­polarization from Faraday 
RotationRotation

T.K., Maravin, and Kosowsky 2008



T.K., Maravin, and Kosowsky 2008

Kosowsky et al. 2004



Giovannini and Kunze 2008Giovannini and Kunze 2008



CMB polarization rotation angle limitsCMB polarization rotation angle limits
Kahniashvili, Tevzadze, Sethi, Pandey, and Ratra 2010Kahniashvili, Tevzadze, Sethi, Pandey, and Ratra 2010



CMB B­polarizationCMB B­polarization
 Scalar mode does not produce CMB Scalar mode does not produce CMB 

B-polarization signal. B-polarization signal. 
 CMB B-polarization detection is a CMB B-polarization detection is a 

powerful test to probe inflation powerful test to probe inflation 
(gravitational waves); It will also will (gravitational waves); It will also will 
significantly improve the existing significantly improve the existing 
limits on the primordial magnetic limits on the primordial magnetic 
fields (10fields (10-10-10-10-10-11-11 Gauss) Gauss)

  



B­polarization Magnetic SourcesB­polarization Magnetic Sources

 Up to l ~ 60 – gravitational waves (tensor Up to l ~ 60 – gravitational waves (tensor 
mode) generated by the magnetic field mode) generated by the magnetic field 
anisotropic stressanisotropic stress

 Vorticity perturbations from the magnetic Vorticity perturbations from the magnetic 
field (Alfven waves); Contribution to the field (Alfven waves); Contribution to the 
CMB anisotropies – in particular B-mode CMB anisotropies – in particular B-mode 
(peaks at l~ 2000) (peaks at l~ 2000) 

 Secondary B-polarization arising from the Secondary B-polarization arising from the 
birefrigence (Faraday rotation of the initial birefrigence (Faraday rotation of the initial 
E-mode – secondary B-mode); peaks at l ~ E-mode – secondary B-mode); peaks at l ~ 
16000  16000  



B­polarizationB­polarization

Hu and White 1997



Metric PerturbationsMetric Perturbations

Deriagin, Sazhin and Veryaskin 1982; 
Durrer, Ferreira, and Kahniashvili 2000

Subramanian and Barrow 1998 
Mack, Kahniashvili, and Kosowsky 2002



What we should account for?What we should account for?

 Gravitational lensing – l~ 1000  Gravitational lensing – l~ 1000  
 Lorentz symmetry violation – similar Lorentz symmetry violation – similar 

to the Faraday rotation – different to the Faraday rotation – different 
frequency dependence frequency dependence 

 Any other vector mode (defects, Any other vector mode (defects, 
strings, neutrinos…)strings, neutrinos…)



StrategyStrategy
 The magnetic field induces all kinds of The magnetic field induces all kinds of 

perturbations and so we must cross check perturbations and so we must cross check 
• Do we observe the Doppler peaks shifts? Do we observe the Doppler peaks shifts? 

(magnetosound waves in the Universe) (magnetosound waves in the Universe) 
Adams, Danielson, Grasso, and Rubinstein, 1996, Adams, Danielson, Grasso, and Rubinstein, 1996, 
Kahniashvili and Ratra 2007Kahniashvili and Ratra 2007

• Do we observe the CMB non-gaussianity? Do we observe the CMB non-gaussianity? 
Seshadri and Subramanian 2009, Caprini et al. 2009; M. Seshadri and Subramanian 2009, Caprini et al. 2009; M. 
Shiraishi et al. 2010, Kahniashvili & Lavrelashvili 2010Shiraishi et al. 2010, Kahniashvili & Lavrelashvili 2010

• Do we see tensor mode contribution Do we see tensor mode contribution 
(additional) at low l-s? (additional) at low l-s? 
Durrer, Ferreira, and Kahniashvili 2000, Mack, Durrer, Ferreira, and Kahniashvili 2000, Mack, 
Kahniashvili, and Kosowsky 2002; Lewis 2004Kahniashvili, and Kosowsky 2002; Lewis 2004



Magnetic Field LimitsMagnetic Field Limits

 CMB non-gaussianity – few CMB non-gaussianity – few 
nanoGauss nanoGauss Trivedi, Subramanian, and Seshadri 2010Trivedi, Subramanian, and Seshadri 2010

 CMB polarization fluctuations – few CMB polarization fluctuations – few 
nanoGauss nanoGauss Yamazaki et al. 2010Yamazaki et al. 2010

 CMB Faraday rotation – few CMB Faraday rotation – few 
nanoGauss nanoGauss T.K., Tevzadze, et al. 2010T.K., Tevzadze, et al. 2010

 LSS first object formation – few LSS first object formation – few 
nanoGauss nanoGauss Sethi and Subramaian 2005Sethi and Subramaian 2005



CMB OdditiesCMB Oddities

 Low multipole anomalies Low multipole anomalies 
• Off-diagonal cross correlationsOff-diagonal cross correlations
• North-South asymmetry North-South asymmetry 

 Parity violation Parity violation 
• Temperature-B-polarizationTemperature-B-polarization
• E- and B-polarizationE- and B-polarization



Magnetic Helicity GenerationMagnetic Helicity Generation

 Cosmological SourcesCosmological Sources
                              Cornwall, 1997; Giovannini, 2000: Field and Carroll, 2000; Cornwall, 1997; Giovannini, 2000: Field and Carroll, 2000; 
                              Vachaspati 2001; Giovannini and Shaposhnikov 2001, Sigl 2002,Vachaspati 2001; Giovannini and Shaposhnikov 2001, Sigl 2002,
                              Campanelli and Gianotti 2005, Semikoz and Sokoloff 2005,Campanelli and Gianotti 2005, Semikoz and Sokoloff 2005,

    Campanelli, Cea and Tedesco 2008, Campanelli 2008Campanelli, Cea and Tedesco 2008, Campanelli 2008

 MHD Processes in Astrophysical PlasmaMHD Processes in Astrophysical Plasma
                              Vishniac and Cho, 2001; Brandenburg and Blackman, 2002; Vishniac and Cho, 2001; Brandenburg and Blackman, 2002; 
                              Subramanian,  2003; Vishniac, Lazarian and Cho, 2003; Subramanian,  2003; Vishniac, Lazarian and Cho, 2003; 
                              Subramanian and  Brandenburg, 2004; Banerjee and Jedamzik,Subramanian and  Brandenburg, 2004; Banerjee and Jedamzik,
                              2004, Subramanian 20072004, Subramanian 2007
  
 TurbulenceTurbulence
                              Christensson, Hindmarsh, and Brandenburg, 2002; Christensson, Hindmarsh, and Brandenburg, 2002; 
                              Verma and Ayyer, 2003,  Boldyrev, Cattaneo and Rosner 2005Verma and Ayyer, 2003,  Boldyrev, Cattaneo and Rosner 2005; ; 



Primordial Magnetic Helicity Primordial Magnetic Helicity 
 If magnetic helicity is present the large-scale If magnetic helicity is present the large-scale 

properties of the magnetic field are significantly properties of the magnetic field are significantly 
affected. affected. 

 Reflects a manifestation of the parity symmetry Reflects a manifestation of the parity symmetry 
violation violation 

 Ways to detect Ways to detect 
• Cosmic rays arrival velocitiesCosmic rays arrival velocities
• CMB polarization measurementsCMB polarization measurements
• Direct detection of gravitational wave Direct detection of gravitational wave 

polarizationspolarizations



CMB anisotropies CMB anisotropies 
parity even & odd power spectra parity even & odd power spectra 

 Parity-even power spectra: Parity-even power spectra: 

CCll
TTTT, C, Cll

EEEE, C, Cll
BBBB, C, Cll

TETE  

        
 Parity-odd power spectra: Parity-odd power spectra: 

CCll
TBTB, C, Cll

EBEB

• Vanishing in the standard modelVanishing in the standard model
• Present if Present if 

 Lorentz symmetry is brokenLorentz symmetry is broken
 Cosmological helical magnetic field Cosmological helical magnetic field 
 Parity symmetry is violatedParity symmetry is violated



Vector – Tensor modes comparisonVector – Tensor modes comparison
 Vector modeVector mode

        Surviving up to small Surviving up to small 
angular scalesangular scales. . 

        Subramanian and Subramanian and 
Barrow, 1998;Barrow, 1998;

          Lewis, 2004Lewis, 2004

        Vanishing E-B Vanishing E-B 
polarization polarization 

        cross correlations cross correlations 
(with respect of (with respect of 
temperature-B-temperature-B-

        polarization).polarization).

Kahniashvili and Ratra, 2005Kahniashvili and Ratra, 2005

 Tensor modeTensor mode
  

Gravitational wave source Gravitational wave source 
    

          damping after equality damping after equality ! ! 
          contribution in CMB for contribution in CMB for 
          large angular scales (l large angular scales (l 

<100)<100)

          
        The same order of The same order of 

magnitude for magnitude for 
temperature – temperature – 

        B-polarization and B-polarization and 
        E-B polarization cross E-B polarization cross 

correlations.correlations.

Caprini, Durrer, and Caprini, Durrer, and 
Kahniashvili, 2004Kahniashvili, 2004



GWs sourced by a helical magnetic fieldGWs sourced by a helical magnetic field

CMB anisotropy parity odd CMB anisotropy parity odd 
power spectra (tensor mode) power spectra (tensor mode) 
might reflect the presence of might reflect the presence of 
primordial magnetic helicityprimordial magnetic helicity    

CCll
TBTB/C/Cll

TETE (black); C (black); Cll
EBEB/C/Cll

EEEE  
(red)(red)

  l=50, nl=50, nSS=-3=-3

Caprini, Durrer, and Kahniashvili 2004

B-polarization signal: thepeak
position insures to distinguish
the source of the signal
• Zaldariagga and Seljak, 1997
• Kamionkowsky, Kosowsky,  & 

Stebbins, 1997



Parity symmetry violation in the early UniverseParity symmetry violation in the early Universe

 Gravitational Chern-Gravitational Chern-
Simons termSimons term

Lue, Wang, Kamionkowsky, 1999Lue, Wang, Kamionkowsky, 1999

Specific signatures on CMB – Specific signatures on CMB – 
non-zero parity odd cross non-zero parity odd cross 
correlations between correlations between 
temperature & B-temperature & B-

polarization; polarization; 
E & B-polarizationE & B-polarization
anisotropiesanisotropies

Lyth,Quimbay,Rodriguez 2005Lyth,Quimbay,Rodriguez 2005
Satoch, Kanno, Soda 2008Satoch, Kanno, Soda 2008
Saito, Ichiki, Taruya 2007Saito, Ichiki, Taruya 2007
Seto, Taruya 2008Seto, Taruya 2008



Parity Odd CMB fluctuationsParity Odd CMB fluctuations
 An crucial test for the fundamental An crucial test for the fundamental 

symmetry breakings.symmetry breakings.
 It is more promising way to test primordial It is more promising way to test primordial 

inflation or short-after inflation generated inflation or short-after inflation generated 
helicity. helicity. 

 This apply also for the Chern-Simons term  This apply also for the Chern-Simons term  
induced parity symmetry violation (induced parity symmetry violation (Lue, 
Wang, Kamionkowski 1999), but it has ), but it has 
been shown that the signal is not been shown that the signal is not 
observable through current or nearest observable through current or nearest 
future CMB missionsfuture CMB missions



ConclusionConclusion

 Cosmological magnetic field order of Cosmological magnetic field order of 
0.1 nanoGauss can be detectable by 0.1 nanoGauss can be detectable by 
the nearest future CMB polarization the nearest future CMB polarization 
measurementsmeasurements

 On the other hand if the field is On the other hand if the field is 
significantly smaller – it would satisfy significantly smaller – it would satisfy 
the LOWER limit bound but would not the LOWER limit bound but would not 
been observable through been observable through 
cosmological observations cosmological observations 
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