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Outline

 PLANCK Results: Puzzles
• Low Multipole Anomalies
• Cold Spot
• North South Asymmetry
• Large Scale Power Suppression

 Possible explanation?
• Primordial Magnetic Field
• Massive Gravity (dRGT)



The beauty of symmetry…
 Space-time in the Einstein model has no 

preferred or distinguishable direction 
(frame) Isotropy of the Universe



Is the CMB sky isotropic?



North-South Asymmetry 



Two Point Correlation Function
Copi,. Huterer, Schwarz & Starkman, 2008

See also Yoho talk, July 29



Low Multipoles Alignments 

 Possibly related to
two point correlations
power suppression at 
large angular scales

Copi, Huterer, Schwarz  
& Starkman, 2008

Planck 2013 results XXIII



PLANCK 2013 Results XXIII
CMB Asymmetry 



Courtesy of Jaiseung Kim
CMB Asymmetry (Rough Estimates) 



Dipole Modulation

 Gordon et al 2005: 

See also Firouzjahi talk July 29

 A- dipole amplitude, p – dipole direction. 
n – noise, siso – an isotropic CMB field

 A=const and scale independent simple 
phenomenological model – tension with 
observations of asymmetry at small scales 
– works for l<100  



Possible explanations: WMAP 



Possible explanations



Possible (Cosmological) Explanations  
Planck XXIII: Anisotropic Models



Possible (Cosmological) Explanations 
Planck XXIII: Magnetic Field

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



Cosmological Magnetic Field
Sourced Perturbations 

 Scalar mode (fast 
and slow 
magnetosound 
waves)

 Vector mode 
(Alfven waves)

 Tensor mode 
(gravitational 
waves)

 If present before 
recombination 
primordial 
magnetic field 
might leave 
imprints on CMB 
fluctuations



Alfven waves (vector mode)
Durrer, Kahniashvili & Yates 1998
Kahniashvili, Lavrelashvili & Ratra 2008

 Euler equations for photons and baryons
(Lorentz force L(x))  

 Alfven wave equation (tight coupling 
v=vb)

=0 sin(k vA)



Kahniashvili et al. 2008



CMB Anomalies vs. Magnetic Fields 



Magnetic Fields 
Characteristic Signatures

 An homogeneous 
magnetic field

 Stochastic 
magnetic field 
preserves isotropy 
and cannot be 
responsible for the 
CMB asymmetries

 Off-diagonal cross correlations
• l’= l +/- 2
• m’=m or m’=m +/-1 



No detection of l’=l+/-2 
off diagonal cross correlations…

No significant magnetic field 
which might be responsible for 

the large scale anomalies  



Naïve Consideration
 It seems that the CMB 

sky looks anomalous at 
large scales, while at 
small scales is in a very 
good agreement with 
the “standard” 
cosmological model

 Deviation from the 
standard scenario 
at large scales 
(order of Hubble 
horizon today)

 Recovering the 
standard 
cosmology at small 
scales 



Scale Dependent Dipole 
Modulation

 Gordon et al 2005: 

 A(l)–scale dependent: Hoftuft et al. 2009;  
Moss et al. 2011

 Scale dependent off –diagonal cross 
correlations l’=l+/- 1  
• Best fit from data
• Theoretical motivation?  



Massive Gravity
 Motivation:

Alternative 
explanation of 
accelerated 
expansion of the 
Universe
• Massive graviton 

spin0 mode 
mimics the 
presence of Dark 
Energy

 Massive 
Cosmologies

D'Amico, de Rham, 
Dubovsky,Gabadadze, 
Pirtskhalava, Tolley, 
2011 (1108.5231)

 Theory (dRGT):
deRham, Gabadadze, 
Tolley, 2010 (1011.1232)



Massive Gravity
(brief overview)

 Fierz & Pauli, 1939
• Non-zero graviton 

mass 
 van Dam & 

Veltman, 1970; 
Zakharov, 1970
• vDVZ discontinuity 

(GR is not 
recovered in m->0 
limit) 

 Vainstein 1972 
• vDVZ  discontinuity 

disappears if we 
take into account 
non-linear 
interactions of the 
scalar mode

 Boulware & Deser, 
1972
• Sixth degree of 

freedom - ghost



Ghost-Free Massive Gravity (dRGT)  
Massive Cosmologies

 dRGT – 4D 
covariant, nonlinear, 
ghost free at 
decoupling limit at 
all orders
•m~H0

 Vainstein radius

 Cross-over density

 Two limits of the 
Universe expansion
D’Amico et al. 2011 
(1108.5231)
• high densities

 Isotropic FLRW
• low densities

Non-isotropic



Massive Cosmologies
 Two metrics

• Physical (Einstein-
Hilbert action)

• Fiducial 
Stuckelberg fields

 Background:
• after the Hubble 

length scale 
order of 1/m –
anisotropic 
metric solutions

 Stability of 
perturbations
• Vanishing or 

negative sign 
kinetic terms



Massive Cosmologies:
Perturbations

 De Felice et al. 
2013 (1303.4154)

 5 healthy modes 
recovered when the 
isotropy has been 
broken in the physical 
metric.

• Bianchi I model
• Fiducial - FLRW



Massive Cosmologies: Perturbations
De Felice et al. 2013 (1303.4154)



Some Extensions of dRGT
De Felice et al. (1304.0484)

 Existence of 
isotropic (for 
physical metric) 
solutions?
• Anisotropy is 

accommodated 
within  the 
fiducial metric 
(can be tested 
only through 
perturbations)

 Quasi-Dilaton
• D’Amico, Gabadadze, 

Hui, Pirtskhalava, 
2012 (1206.4253)

 Mass varying 
theory
• Huang, Piao, Zhou, 

2012 (1206.5678)



Massive Gravity: Imprints on CMB?

 At high densities 
GR is recovered 
and  perturbations 
look like as LCDM 

 Late time 
evolution –ISW

 Suppression 
exp(-mR)? 

 Anisotropic Bianchi 
model(s) ONLY at 
large scales



Conclusions

 Are large scale 
anomalies 
physical?
• Cosmological 

origin?
 If yes do we see 

new physics at 
large scales?
• Early Universe
• Late time

 Magnetic field 
explanation –
problematic
• Non-gaussianity
• Non observations 

of l’=l+/- 2 signal 

 Massive gravity 
manifestation?
• CMB fluctuations 

formation
• CMB Polarization
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