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 for any    a model is large field where             and small field for            . 
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for             the models are large field and for              they are small field. 
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• However, if             and the leading contribution to the potential is 

then the critical exponent is:

• Potentials in which the lowest non-zero derivative is even exhibit no critical 
behavior at all.

⇥� �⇥

V (⇤) = V0

�
1 + ⇥⇤3 +

⇤

ni>3

�i⇤
ni

⇥

� = 0
(1 + �⇥2n+1), n = 1, 2, ...

� = 2n� 1
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Different Critical Exponents
(Itzhaki, EDK, Cl.Qu.Gr. 2009)
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What if the inflection point in the potential is not exact?
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What if the inflection point in the potential is not exact?

• For a potential of the form:                                                                            
there will obviously be no finite       in the transformation                                     
such that                       . 

• In such a case it can be shown that there is an upper bound on    :                          
(Baumann et al, JCAP 2008)

V = V0(1 + ⇥⇤ + �⇤3)
�c � � ⇤3�, ⇥ � ⇤⇥

N(�c) =�

N

Ely D. Kovetz
Texas A&M 2012



Approximated Inflection Point
(Itzhaki, EDK, Cl.Qu.Gr. 2009)

What if the inflection point in the potential is not exact?
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Approximated Inflection Point
(Itzhaki, EDK, Cl.Qu.Gr. 2009)

What if the inflection point in the potential is not exact?

• For a potential of the form:                                                                            
there will obviously be no finite       in the transformation                                     
such that                       . 

• In such a case it can be shown that there is an upper bound on    :                          
(Baumann et al, JCAP 2008)

• We find that for            there is a      such that:                                                    
-                                                                                                                           
- For              the amount of inflation depends on the initial condition. Then, in 
order to maximize      we have to fine tune the initial condition.                         
- For             , however, any non-singular initial condition gives                     . 

V = V0(1 + ⇥⇤ + �⇤3)
�c � � ⇤3�, ⇥ � ⇤⇥

N(�c) =�

N

Nmax = ⇤(3⇥�)�1/2

� �= 0

�c
N

�c

� >

� <�c N = Nmax
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• Near the critical point the inflaton spends most of the time near the inflection 
point where     is constant, which leaves us with:
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choosing                  (using the symmetry we used above to set      ), we get:
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We make the following approximations:

• Near the critical point the inflaton spends most of the time near the inflection 
point where     is constant, which leaves us with:

choosing                  (using the symmetry we used above to set      ), we get:

• This is invariant under:

• So if the solutions start with                    and                 , then         can be used 
to parametrize them. Therefore, we can either fix    and vary the initial 
condition, or vary the initial condition with    fixed. 

Simplifying the Equations
(Itzhaki, EDK, Cl.Qu.Gr. 2009)

H

H = 1/3

⇥̈ = �3H0⇥̇� 3V0�⇥2, with 3H2
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• We shall fix             and vary the initial condition to look for a phase transition.        
We remain with:
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Using a Different Order Parameter
(Itzhaki, EDK, Cl.Qu.Gr. 2009)

• We shall fix             and vary the initial condition to look for a phase transition.        
We remain with:

• Since:

we can measure the time spent in the vicinity of the inflection point instead of 
the amount of e-foldings. 

� = 1

�̈ = ��̇� �2

Ne�folds =
start�

end

Hdt ⇥ Hinflc

start�

end

dt =
1
3
(tend � tstart)
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For                   , we get the equation:

                              

V =
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ẍ + �ẋ + x = 0
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• A simpler example: a Harmonic Oscillator

For                   , we get the equation:

                              

Reducing to a system of 1st order equations:
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1
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y(t) = ˙x(t)

˙y(t) = �ay(t)� x

ẍ + �ẋ + x = 0
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Damped Harmonic Oscillator
(Itzhaki, EDK, Cl.Qu.Gr. 2009)

• A simpler example: a Harmonic Oscillator

For                   , we get the equation:

                              

Reducing to a system of 1st order equations:

We can proceed to draw the solutions in phase space.

V =
1
2
x2

y(t) = ˙x(t)

˙y(t) = �ay(t)� x

ẍ + �ẋ + x = 0
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Harmonic Oscillator
(Itzhaki, EDK, Cl.Qu.Gr. 2009)

• Left: trajectory for an arbitrary initial condition and                .

• Right: same trajectory in phase space.

� = 0.1
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Harmonic Oscillator
(Itzhaki, EDK, Cl.Qu.Gr. 2009)

• Left: trajectory for an arbitrary initial condition and            . The motion decays 
before any oscillations occur. The point x=0 is asymptotically approached.

• Right: same trajectory in phase space.

� = 2
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For                                     , we get the equation:

                              

This system has the following properties: 

V = �1
2
x2 +

1
4
x4
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Duffing Oscillator
(Itzhaki, EDK, Cl.Qu.Gr. 2009)

• A slightly more complicate example: 

For                                     , we get the equation:

                              

This system has the following properties: 

- Potential has a double-well structure.                 
- x =0 is an unstable equilibrium point.                  
- Particle motion ends in one of the wells.                 
- Unique phase-space trajectory per IC.                
- Chaos appears as a result of the two wells 
connected by the unstable equilibrium point.

V = �1
2
x2 +

1
4
x4

ẍ + �ẋ� x + x3 = 0
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Duffing Oscillator
(Itzhaki, EDK, Cl.Qu.Gr. 2009)

• Left: trajectory for arbitrary    and initial condition. Particle falls into one well.

• Right: same trajectory in phase space. Trajectory converges to one side. 

�
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Phase Space Diagram
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Reducing:                                 to: 
ẋ = y,
ẏ = �y � x2

ẍ + ẋ + x2 = 0
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Phase Space Diagram
(Itzhaki, EDK, Cl.Qu.Gr. 2009)

Reducing:                                 to: 

Examining the derivative:

ẋ = y,
ẏ = �y � x2

ẍ + ẋ + x2 = 0

dy

dx
=

dy
dt
dx
dt

=
�y � x2

y
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Phase Space Diagram
(Itzhaki, EDK, Cl.Qu.Gr. 2009)

Reducing:                                 to: 

Examining the derivative:

we deduce:                                                                                                              
- Crossing the x axis (y=0) the slope is always infinite.                                           
- Crossing the y axis (x=0) the slope is always -1.                                                  
- Crossing the contour                 , the slope is always zero (for            ).                   
- For y<0, outside (inside) the contour                , the derivative is positive               
(negative) and the trajectories are monotonically increasing (decreasing).

ẋ = y,
ẏ = �y � x2

ẍ + ẋ + x2 = 0

dy

dx
=

dy
dt
dx
dt

=
�y � x2

y

x �= 0y = �x2

y = �x2
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The region near x=0 can be approached in two different ways:
ẍ + ẋ + x2 = 0
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Approximated Solutions
(Itzhaki, EDK, Cl.Qu.Gr. 2009)

The region near x=0 can be approached in two different ways:

• We can neglect the      term. Then the 2nd order equation becomes linear, 
with the solutions (I):
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• We can neglect the      term. Then the 2nd order equation becomes linear, 
with the solutions (I):

• We can also neglect the     term. Then the equation becomes 1st order, with 
the solutions (II):
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Approximated Solutions
(Itzhaki, EDK, Cl.Qu.Gr. 2009)

The region near x=0 can be approached in two different ways:

• We can neglect the      term. Then the 2nd order equation becomes linear, 
with the solutions (I):

• We can also neglect the     term. Then the equation becomes 1st order, with 
the solutions (II):

• Solution (I) with             approaches the origin from the right at              . 
Solution (II) starts at the origin when                 , coinciding with the curve 
along which the derivative             vanishes (the curve                  with            ).

x2

x = c1e
�t + c2

ẍ

x =
1

t + c
C2 = 0 t�⇥

t⇥ �⇤
dy/dx y = �x2 x < 0

ẍ + ẋ + x2 = 0
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Approximated Solutions
(Itzhaki, EDK, Cl.Qu.Gr. 2009)

The region near x=0 can be approached in two different ways:

• We can neglect the      term. Then the 2nd order equation becomes linear, 
with the solutions (I):

• We can also neglect the     term. Then the equation becomes 1st order, with 
the solutions (II):

• Solution (I) with             approaches the origin from the right at              . 
Solution (II) starts at the origin when                 , coinciding with the curve 
along which the derivative             vanishes (the curve                  with            ).

• Thus, to find the critical exponent we have to glue the two solutions.

x2

x = c1e
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ẍ

x =
1

t + c
C2 = 0 t�⇥

t⇥ �⇤
dy/dx y = �x2 x < 0

ẍ + ẋ + x2 = 0
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• We start with approximation (I):
x = ce�t � � , y = �ce�t
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• This approximation breaks down when                       , which happens at:
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• We start with approximation (I):

• This approximation breaks down when                       , which happens at:
x = ce�t � � , y = �ce�t

ẋ � x2 � �2

ẋ� ⇤ ��2 , x� ⇤ �2 � � ⇥ �� , t� ⇤ log
�
c/�2

⇥
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Gluing the Solutions
(Itzhaki, EDK, Cl.Qu.Gr. 2009)

• We start with approximation (I):

• This approximation breaks down when                       , which happens at:

• Thus the first approximation is satisfactory up to               , which, is in the 
vicinity of the curve along which approximation (II) is valid. However, as we 
saw above, the solution trajectory crosses this curve parallel to the y axis and 
therefore must deviate from it.

x = ce�t � � , y = �ce�t

ẋ � x2 � �2

x ⇥ ��
ẋ� ⇤ ��2 , x� ⇤ �2 � � ⇥ �� , t� ⇤ log

�
c/�2

⇥

Ely D. Kovetz
Texas A&M 2012



Gluing the Solutions
(Itzhaki, EDK, Cl.Qu.Gr. 2009)

Ely D. Kovetz
Texas A&M 2012



Gluing the Solutions
(Itzhaki, EDK, Cl.Qu.Gr. 2009)

• To find the deviation, we start from:

Ely D. Kovetz
Texas A&M 2012



Gluing the Solutions
(Itzhaki, EDK, Cl.Qu.Gr. 2009)

• To find the deviation, we start from:
x ⇥ �⇥� �x , ẋ ⇥ �⇥2
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• To find the deviation, we start from:

and stop when                     . We find that:
x ⇥ �⇥� �x , ẋ ⇥ �⇥2

ẍ � ẋ � �2
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• To find the deviation, we start from:

and stop when                     . We find that:
x ⇥ �⇥� �x , ẋ ⇥ �⇥2

ẍ � ẋ � �2

ẍ = ẏ =
dy

dx

dx

dt
=
�y � x2

y
y = �y � x2

= ⇤ ⇥2� ⇤ ⇥2 � 2�x⇥� (�x)2 ⇥ �x⇥
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Gluing the Solutions
(Itzhaki, EDK, Cl.Qu.Gr. 2009)

• To find the deviation, we start from:

and stop when                     . We find that:

which is no longer negligible once:

x ⇥ �⇥� �x , ẋ ⇥ �⇥2

ẍ � ẋ � �2

ẍ = ẏ =
dy

dx

dx

dt
=
�y � x2

y
y = �y � x2

= ⇤ ⇥2� ⇤ ⇥2 � 2�x⇥� (�x)2 ⇥ �x⇥
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Gluing the Solutions
(Itzhaki, EDK, Cl.Qu.Gr. 2009)

• To find the deviation, we start from:

and stop when                     . We find that:

which is no longer negligible once:

• The remaining missing link is the                                                                 
relation between    and   . Since the                                                     
equations are regular in this region                                                                 
the relation between them is linear:

x ⇥ �⇥� �x , ẋ ⇥ �⇥2

ẍ � ẋ � �2

ẍ = ẏ =
dy

dx

dx

dt
=
�y � x2

y
y = �y � x2

= ⇤ ⇥2� ⇤ ⇥2 � 2�x⇥� (�x)2 ⇥ �x⇥
�x ⇥ ⇥ or x ⇥ �2⇥

�� �

�� � �
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Proof for Critical Exponents
(Itzhaki, EDK, Cl.Qu.Gr. 2009)

• We conclude that the time spent by the inflaton in the interval to the right of 
x=0 goes like                            , while the majority of the time is spent in the 
interval                , and satisfies:                     .

tright ⇥ � log �
[�2�,��] tleft � ��1
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Proof for Critical Exponents
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• We conclude that the time spent by the inflaton in the interval to the right of 
x=0 goes like                            , while the majority of the time is spent in the 
interval                , and satisfies:                     .

tright ⇥ � log �
[�2�,��]
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• With the same considerations, for                                 we get:ẍ + ẋ + x2n = 0 x � 1
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What about the higher order cases mentioned above?

• With the same considerations, for                                 we get:

• For                             , however, there is no critical behavior.
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• With the same considerations, for                                 we get:
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• The efficiency of the attractor mechanism in IPI models varies in a 
discontinuous fashion as we vary various parameters continuously. 
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Phase Transition - Conclusions
(Itzhaki, EDK, Cl.Qu.Gr. 2009)
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• Extension of this work (by Downes, Dutta & Sinha 2012) was used to 
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• This can solve the overshoot problem, as in the case below: 

- The red line is the static inflation potential for the inflaton.
- The green line is the point particle contribution. It helps to slow down the 

inflaton until it reaches the slow roll region, where inflation begins and the 
point particles are diluted. 

• Sounds good! Inflation occurs in the first place thanks to the PIP(s), a small field 
model suffices, inflation is hence short (and the CMB quadrupole (oct?) is low!)
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• Indeed, for different values of the inflection point, we find an initial density 
that is big enough to slow down the inflaton so that inflation occurs.
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5 0.42172 0.45187 0.51436 41.6388 ⇥
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10 0.43725 53.3611 ⇥ ⇥ ⇥
20 384.1207 ⇥ ⇥ ⇥ ⇥
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• Indeed, for different values of the inflection point, we find an initial density 
that is big enough to slow down the inflaton so that inflation occurs.

• The surprising feature here is that this value is critical. For initial conditions 
above it, inflation never ends. It is a similar phase transition to the one above.

• In addition, we also see scaling behavior as the critical      is approached, 
again with an integer critical exponent of -1.
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PIP - Signatures 
(Fialkov, Itzhaki, EDK, JCAP 2010)

• Creates an (overdense) Spherically Symmetric Cosmic Defect (SSCD).

• Induces a peculiar velocity field which drops as: v(r) ⇠ �

r
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LSS

PIP - Signatures 
(Fialkov, Itzhaki, EDK, JCAP 2010)

• Creates an (overdense) Spherically Symmetric Cosmic Defect (SSCD).

• Induces a peculiar velocity field which drops as:

• Induces (SW + ISW effects) azimuthally symmetric 2nd order CMB anisotropies. 

v(r) ⇠ �

r
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LSS

PIP - Signatures 
(Fialkov, Itzhaki, EDK, JCAP 2010)

• Creates an (overdense) Spherically Symmetric Cosmic Defect (SSCD).

• Induces a peculiar velocity field which drops as:

• Induces (SW + ISW effects) azimuthally symmetric 2nd order CMB anisotropies. 

• Generic imprint: concentric hot and cold rings in CMB.

v(r) ⇠ �

r
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ΛCDM + Pre-Inflationary Particle (PIP)
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Outline

• Pre-Inflationary Particle - Signatures

After
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• Where to look, what to look for?
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Where to look? Large Scales

• Pre-inflationary relic density drops exponentially with number of e-folds.
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Where to look? Large Scales

• Pre-inflationary relic density drops exponentially with number of e-folds.

• If inflation was short, a single relic might remain in/around observable universe.
V(ϕ)

Smaller scales exit
the horizon

Large scales exit
the horizon

Slow roll region

Pre-inflationary
physics

`• If relic couples to the inflaton, effect will start at largest scales and drop with   .
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Where to look? Large Scales

• Pre-inflationary relic density drops exponentially with number of e-folds.

• If inflation was short, a single relic might remain in/around observable universe.
V(ϕ)

Smaller scales exit
the horizon

Large scales exit
the horizon

Slow roll region

Pre-inflationary
physics

• Logarithmic gravitational potential          long-range effect.!
`• If relic couples to the inflaton, effect will start at largest scales and drop with   .
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What to look for? Symmetries

• Pre-inflationary relics and their symmetries:
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‣ Test: CMB Giant Rings!

What to look for? Symmetries

• Pre-inflationary relics and their symmetries:

 S2 mirror symmetry
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• Pre-inflationary relics and their symmetries:

 S2 mirror symmetry
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• Pre-inflationary relics and their symmetries:
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• Pre-inflationary relics and their symmetries:
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What to look for? Symmetries

• Pre-inflationary relics and their symmetries:

 S2 mirror symmetry

✓ Moving point particle

✓ String

‣ Test: CMB Even/Odd Parity! 

• Overdense region with long-range gravitational potential:

Ely D. Kovetz
Texas A&M 2012



 U(1) Azimuthal symmetry

✓ Point particle

✓ Domain wall

‣ Test: CMB Giant Rings!

What to look for? Symmetries

• Pre-inflationary relics and their symmetries:

 S2 mirror symmetry

✓ Moving point particle

✓ String

‣ Test: CMB Even/Odd Parity! 

• Overdense region with long-range gravitational potential:

‣ Test: Bulk flow (towards this “great attractor”)!
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• Observational Tests: CMB Rings

Outline

• Observational Tests: CMB Rings

• Pre-Inflationary Particle - Signatures

• Where to look, what to look for? After
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Q: Looking for U(1) symmetry - are there unusual rings in the CMB?

A: We check this using a dedicated score for each direction    ̂n
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Rings Score - Definition 
(EDK, Ben-David and Itzhaki, ApJ 2010)

Q: Looking for U(1) symmetry - are there unusual rings in the CMB?

A: We check this using a dedicated score for each direction    

• Focus on the large rings

n
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Rings Score - Definition 
(EDK, Ben-David and Itzhaki, ApJ 2010)

Q: Looking for U(1) symmetry - are there unusual rings in the CMB?

A: We check this using a dedicated score for each direction    

• Focus on the large rings

• Choose a band of width     around 
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Rings Score - Definition 
(EDK, Ben-David and Itzhaki, ApJ 2010)

Q: Looking for U(1) symmetry - are there unusual rings in the CMB?

A: We check this using a dedicated score for each direction    

• Focus on the large rings

• Choose a band of width     around 

•                 =  mean temperature of an infinitesimal ring

n

B

� ✓ = ⇡/2
T (✓, n̂)
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Rings Score - Definition 
(EDK, Ben-David and Itzhaki, ApJ 2010)

Q: Looking for U(1) symmetry - are there unusual rings in the CMB?

A: We check this using a dedicated score for each direction    

• Focus on the large rings

• Choose a band of width     around 

•                 =  mean temperature of an infinitesimal ring

•       =  mean of the total map

n

B

� ✓ = ⇡/2
T (✓, n̂)
T0

n̂
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Rings Score - Definition 
(EDK, Ben-David and Itzhaki, ApJ 2010)

Q: Looking for U(1) symmetry - are there unusual rings in the CMB?

A: We check this using a dedicated score for each direction    

• Focus on the large rings

• Choose a band of width     around 

•                 =  mean temperature of an infinitesimal ring

•       =  mean of the total map

• Calculate the following: n

B

� ✓ = ⇡/2
T (✓, n̂)
T0

R(�, n̂) =

Z ⇡+�
2

⇡��
2

d(cos ✓) ˜T 2
(✓, n̂),

T̃ (✓, n̂) = T (✓, n̂)� T0

n̂
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(EDK, Ben-David and Itzhaki, ApJ 2010)

Our findings for WMAP7 ILC masked with KQ75:
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Our findings for WMAP7 ILC masked with KQ75:

• We see a peak at around                                 .(l, b) = (276�,�1�)
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Rings Score - Results 
(EDK, Ben-David and Itzhaki, ApJ 2010)

Our findings for WMAP7 ILC masked with KQ75:

• We see a peak at around                                 .(l, b) = (276�,�1�)

� = 30�
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Rings Score - Results 
(EDK, Ben-David and Itzhaki, ApJ 2010)

Our findings for WMAP7 ILC masked with KQ75:

• We see a peak at around                                 .

• Calculating                           the significance vs. random maps is ~0.1%.

(l, b) = (276�,�1�)

� = 30�

S =
R
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� R̄

�
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Our findings for WMAP7 ILC masked with KQ75:

• We see a peak at around                                 .

• Calculating                           the significance vs. random maps is ~0.1%.

• The significance of the location being fixed is ~0.1% (or ~3   ).

•

(l, b) = (276�,�1�)
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Rings Score - Results 
(EDK, Ben-David and Itzhaki, ApJ 2010)

Our findings for WMAP7 ILC masked with KQ75:

• We see a peak at around                                 .

• Calculating                           the significance vs. random maps is ~0.1%.

• The significance of the location being fixed is ~0.1% (or ~3   ).

•

(l, b) = (276�,�1�)

� = 30� Rings in 7-year ILC map

�

S =
R

max

� R̄

�
,
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Rings Score - COBE-DMR

Low Resolution...
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Bulk Flow• Observational Tests: CMB Rings,

Outline

• Observational Tests: CMB Rings, Bulk Flow

• Pre-Inflationary Particle - Signatures

• Where to look, what to look for? After
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Bulk Flow - Direction 
(EDK, Ben-David and Itzhaki, ApJ 2010)
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Bulk Flow - Direction 
(EDK, Ben-David and Itzhaki, ApJ 2010)

• Recent peculiar velocity “Bulk Flow” findings by Feldman et al. (MNRAS 2010):

(Amplitude has been recently disputed by: Nusser, Branchini & Davis 2011)

v = 416± 78 km/s (l, b) = (282� ± 11�, 6� ± 6�)

Ely D. Kovetz
Texas A&M 2012
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(EDK, Ben-David and Itzhaki, ApJ 2010)

• Bulk Flow direction is peculiar intriguing:

• Recent peculiar velocity “Bulk Flow” findings by Feldman et al. (MNRAS 2010):

(Amplitude has been recently disputed by: Nusser, Branchini & Davis 2011)
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Bulk Flow - Direction 
(EDK, Ben-David and Itzhaki, ApJ 2010)

 ~1% chance alignment 

with the center of the rings! 

• Bulk Flow direction is peculiar intriguing:

• Recent peculiar velocity “Bulk Flow” findings by Feldman et al. (MNRAS 2010):

(Amplitude has been recently disputed by: Nusser, Branchini & Davis 2011)

v = 416± 78 km/s (l, b) = (282� ± 11�, 6� ± 6�)
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Bulk Flow - Direction 
(EDK, Ben-David and Itzhaki, ApJ 2010)

 ~1% chance alignment 

with the center of the rings! 

• Bulk Flow direction is peculiar intriguing:

• Recent peculiar velocity “Bulk Flow” findings by Feldman et al. (MNRAS 2010):

(Amplitude has been recently disputed by: Nusser, Branchini & Davis 2011)

v = 416± 78 km/s (l, b) = (282� ± 11�, 6� ± 6�)

• What is the extent in z?
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Bulk Flow - Direction 
(EDK, Ben-David and Itzhaki, ApJ 2010)

 ~1% chance alignment 

with the center of the rings! 

• Bulk Flow direction is peculiar intriguing:

• Recent peculiar velocity “Bulk Flow” findings by Feldman et al. (MNRAS 2010):

(Amplitude has been recently disputed by: Nusser, Branchini & Davis 2011)

v = 416± 78 km/s (l, b) = (282� ± 11�, 6� ± 6�)

• What is the extent in z? stay tuned
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Bulk Flow,• Observational Tests: CMB Rings,

Outline

Mirror Parity.Bulk Flow,• Observational Tests: CMB Rings, Mirror Parity.

• Pre-Inflationary Particle - Signatures

• Where to look, what to look for? After
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• Looking for mirror parity, use the “S-Statistic”: (de Oliveira-Costa, Smoot & Starobinsky, 1995)
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• Looking for mirror parity, use the “S-Statistic”: (de Oliveira-Costa, Smoot & Starobinsky, 1995)
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• With full-sky WMAP7 ILC, up to sign and constant: 

• Problems with this approach:

• Cannot study scale dependence.

Parity - “S-Statistic”

n̂ij = n̂j � 2(n̂i · n̂j)n̂iS(n̂
i

) ⌘ 1

N
pix

N

pixX

j=1

[T (n̂
j

)� T (n̂
ij

)]2

S(n̂i) =
X

ILC

T (n̂j)T (n̂ij)

Ely D. Kovetz
Texas A&M 2012



• Looking for mirror parity, use the “S-Statistic”: (de Oliveira-Costa, Smoot & Starobinsky, 1995)

                                                                            where                                               .

• With full-sky WMAP7 ILC, up to sign and constant: 

• Problems with this approach:

• Cannot study scale dependence.

• Ignores ΛCDM correlations:
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• Looking for mirror parity, use the “S-Statistic”: (de Oliveira-Costa, Smoot & Starobinsky, 1995)

                                                                            where                                               .

• With full-sky WMAP7 ILC, up to sign and constant: 

• Problems with this approach:

• Cannot study scale dependence.

• Ignores ΛCDM correlations:

• Masking the galactic plane results in strong bias of the S-Statistic.
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Parity - Even/Odd Multipoles 
(Ben-David, EDK and Itzhaki, ApJ 2012)
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• For each direction    , compare for each    the distribution of power between even 
and odd              multipoles:

   

Parity - Even/Odd Multipoles 
(Ben-David, EDK and Itzhaki, ApJ 2012)
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• For each direction    , compare for each    the distribution of power between even 
and odd              multipoles:

   

Parity - Even/Odd Multipoles 
(Ben-David, EDK and Itzhaki, ApJ 2012)
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• For each direction    , compare for each    the distribution of power between even 
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Ĉ`

� 1

#
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and odd              multipoles:
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(Ben-David, EDK and Itzhaki, ApJ 2012)
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Aurich and Lustig 2010)
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Parity - Masking and Reconstruction 
(Ben-David, EDK and Itzhaki, ApJ 2012)
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Efstathiou et al. 2009                         
Aurich and Lustig 2010)
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• Masking is crucial!

•         Reconstruction:

Parity - Masking and Reconstruction 
(Ben-David, EDK and Itzhaki, ApJ 2012)

(Oliveira-Costa & Tegmark 2006,     
Efstathiou et al. 2009                         
Aurich and Lustig 2010)
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Parity - Cut-Sky Results 
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• Mask out 2.5%-10% outlying pixels:

‣ Localized regions near the Galactic plane. 

‣ Procedure applicable to random maps.

• With all masks (including KQ75/85), we find:  

                             

Parity - Cut-Sky Results 
(Ben-David, EDK and Itzhaki, ApJ 2012)

W - KQ85ILC - 10%

‣ Even parity insignificant.
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• Mask out 2.5%-10% outlying pixels:

‣ Localized regions near the Galactic plane. 

‣ Procedure applicable to random maps.

• With all masks (including KQ75/85), we find:  

                             

‣ Odd parity at                                    is significant: ~0.01% for                         .   

Parity - Cut-Sky Results 
(Ben-David, EDK and Itzhaki, ApJ 2012)
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• WMAP parity map:
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• WMAP parity map:

• COBE parity map:
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Outline
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• Where to look, what to look for?

Bulk Flow,• Observational Tests: CMB Rings,

Outline

Mirror Parity.

• Current work and Summary

• Pre-Inflationary Particle - Signatures

• Small/Large Field Phase Transition

• Understanding the Critical Behavior Before

After

• Time-Dependent D.O.F. (PIP)
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Moving PIP Model
(Ben-David, EDK and Itzhaki, in progress)

• Motivation:

• Simplest extension of the stationary PIP model.

• Location and velocity are independent, and so define a plane. This could 
possibly explain the “Axis of Evil” or parity anomalies.

• Gravitational potential:

• Strategy: Boost the stationary PIP’s potential                in de-Sitter spacetime.

• Result:                                    with      a free parameter.

• Conclusion: Dipole structure. Two PIPs with opposite magnitude, in arbitrary 
locations.

• (Dipole structure could create both even and odd parity,        apart.)90�

� ⇠ log r

� ⇠ log r � log |r� rv| rv
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Simulation vs. data: Moving PIP
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LSS

• Constrain the model with magnitude and location of:

• Giant rings.

• Bulk flow.

• Odd parity.

• Free parameters: amplitude (   ), location (    ), velocity (   ).

• Calculate SW + ISW for CMB, Peculiar Velocity for Local Group.
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LSS

• Constrain the model with magnitude and location of:

• Giant rings.

• Bulk flow.

• Odd parity.

• Free parameters: amplitude (   ), location (    ), velocity (   ).

• Calculate SW + ISW for CMB, Peculiar Velocity for Local Group.

• Fit to data.

Constraining Parameter Space

t
� r0 ~v

Ely D. Kovetz
Texas A&M 2012
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Using new observational data:

• Planck: TCMB Anomalies.
• Planck: Weak Lensing.
• Planck: BF from kSZ effect.

• SNIa: BF converges at high-z?

Future Ely D. Kovetz
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 2. We contemplated the implications of a new paradigm: 

⇤CDM +  (Moving?)  Pre-inflationary Particle

•  Works in progress:

-  Classifying pre-inflationary relics: point particle, string, domain wall.

-  Improving analysis of large scale CMB data.

-  Extracting bulk flow from Type Ia SNe.

Summary Ely D. Kovetz
Texas A&M 2012

1. Inflection point inflation is “attractive”:

- Overshoot evaded by Small/Large Field Phase Transition.

- Overshoot dynamically solved by pre-inflationary d.o.f.
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