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Matter-antimatter Asymmetry

The asymmetry is described quantitatively by,

η =
nb − nb̄

s ' 8.5× 10−11

The Sakharov Conditions
1 Baryon number violation
2 C and CP violation
3 Period of non-equilibrium

Standard Model → ηsm ∼ 10−18 .

Inflationary dilution ⇒ Typically generated during or after reheating.
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Inflationary Baryogenesis

Pseudoscalar inflaton coupled to F F̃ ,

Generation of Chern-Simons number from rolling of scalar field,

φ

Λ
Y a
µνỸ aµν ,

φ

Λ
W a
µνW̃ aµν

Can seed galactic magnetic fields, and generate gravitational wave
signatures.

Y suffers from uncertainties of EWPT and MHD.
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Ekpyrotic Bounce
Ekpyrotic Contraction: a = (εHbt)

1
ε = (εHb|τ |)

1
ε−1 with H = − 1

ε|τ |

Require ε ≥ 3, leading to very slow contraction for large ε.

ρ =
ρk
a2 +

ρm
a3 +

ρr
a4 +

ρa
a6 + ...+

ρφ
a2ω + ...
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Single Field Ekpyrotic Bounce
Achieved if the ϕ is fast-rolling down a negative exponential potential,

V (ϕ) ≈ −V0e−
√

2ε ϕMp and ε =
3
2(1 + ω) .

Scaling solution,

ϕ ' Mp

√
2
ε

ln(−
√
εV0τ/Mp) and ϕ′ '

√
2
ε

Mp
τ

.

Solves the problem of the rapid growth of anisotropies.

Anisotropic instabilities which may arise are suppressed.

Permits trajectories which are attractors.

Predict small r .

Can produce large non-gaussianities.
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The Model and Gauge Field Dynamics
Lagrangian terms in contracting background:

L = −1
4η

µρηνσFµνFρσ −
ϕ

8Λ
εµνρσFµνF ρσ ,

Satisfying the Sakharov Conditions
1 Anomalous currents,
2 Pseudoscalar coupling to Chern-Simons terms,
3 Ekpyrotic Contracting phase.

The potential for the Ekpryotic Scalar ,

V (ϕ) ≈ −V0e−
√

2ε |ϕ|Mp .
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Field Quantisation and Mode Functions
Derive equations of motion Fi , in weak field limit,

Solving for circularly polarised wave modes (α = +,−),

Fi =

ˆ d3~k
(2π)3/2

∑
α

[
Gα(τ, k)εiαâαei~k·~x + G∗α(τ, k)ε∗iαâ†αe−i~k·~x

]
.

Thus,
G ′′± +

(
k2 ∓ 2κk

−τ

)
G± = 0 , where κ =

Mp√
2εΛ

with solutions,

G± =
e−ikτ
√

2k
e±πκ/2U (±iκ, 0, 2ikτ)

Interested in the exponentially enhanced positive frequency modes.
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Scenario 1: Baryon Number from ϕW W̃

Related to the baryon number,

∂µ
(√
−gjµB

)
=

3g2
2

32π2 ε
µνρσW a

µνW a
ρσ =

3g2
2

16π2∂µ
(√
−gKµ) .

Baryon number density at τ ,

nB(τ)

a(τ)3 '
9g2

2
8π4

ˆ 2εκ|H|

µ
k3(|G+(τ)|2 − |G−(τ)|2)dk

' 9g2
2

16π4 (−ε|H|)3C(κ) ,

where
C(κ) ∼ 0.007e2πκ

κ4 , for κ > 1 .

Can now calculate the asymmetry parameter.
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Generated Baryon Asymmetry
No significant entropy production after reheating (s ' 2π2

45 g∗T 3
rh),

Heavy majorana νR and reheating temperature Trh > 1012 GeV

Evaluating nB(τ) near the bounce,

ηB
ηobs

B
' 2 · 105C(κ)

(
ε|Hc |
Trh

)3
.

Require ρW
CS(τ)� 3M2

pH2, to ensure gauge fields do not effect the
background evolution,

Mp �

√
6C(κ)

π
ε2|Hc | .
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For Hc = Hb
Successful Baryogenesis requires,

|Hb| '
2 · 1014 GeV
ε2C(κ)2/3 and Trh '

1016 GeV
εC(κ)1/3

Energy density constraint,

1� 10−4κ2/3e−πκ/3 or 1� ε

( Trh
1025 GeV

)
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For |Hc | < |Hb|
Successful Baryogenesis requires,

|Hc | = 2 · 10−2 Trh
εC(κ)1/3 ,

A κ-independent bound on Hc for the energy density constraint,

Hc
Hb

> ε
Trh

4 · 1022GeV
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Scenario 1: Summary

Ample parameter space for which successful Baryogenesis,

Performed simplified calculation using the linearised approximation,

This approximation will likely break down for large κ. A more detailed
analysis is required.

Indicates that Baryogenesis may be possible through this mechanism.

N. D. Barrie (Kavli IPMU) BBB February 18, 2020 12 / 17



Scenario 2: Hypermagnetic Field Helicity from ϕY Ỹ

The hypermagnetic field generated is,

Brh(τb)2 =
1

2π2

ˆ 2εκ|Hc |

µ
k4(|G+(τ)|2 − |G−(τ)|2)dk

which can be expressed as,

Brh(τb) ' 1
2π (εHc)2

√
2C(κ)

κ
.

with the approximate correlation length of these magnetic fields,

λrh(τb) ' 4πκ
ε|Hc |

.

These follow known evolution from Trh to the EWPT.
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Case 2: ϕY Ỹ
The baryon asymmetry parameter produced at the EWPT is within the
range,

C(κ)

(Hc
Hb

)3( ε2|Hb|
1017 GeV

)3/2

<
ηB
ηobs

B
< C(κ)

(Hc
Hb

)3( ε2|Hb|
1.5 · 1015 GeV

)3/2

Requiring ρY
CS(τ)� 3M2

pH2,

Mp �

√
2C(κ)

π
ε2|Hc |.

Taking the parameters required for successful Baryogenesis gives,

2.4 · 10−17 G < B0
p < 2 · 10−16 G and 7 · 10−4 pc < λ0

p < 6 · 10−3 pc

Below constraints, but unable to explain Blazar observations.
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Hc = Hb

1.5 · 1015 GeV
C(κ)2/3 < ε2|Hb| <

1017 GeV
C(κ)2/3 .

hence considering the maximum value, Eq. (13) becomes,

C(κ)� 10−9 ,

Upper bound corresponds to lower bound uncertainty on asymmetry
generation, and vice versa. κ = 1, 3, 5
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|Hc | < |Hb|

Hc
Hb
� εTrh

2.5 · 1020 GeV , and Hc
Hb
� εTrh

1023 GeV .

Parameter space for successful Baryogenesis, considering a reheating
temperature of Trh ∼ 1015 GeV.

For the lower bound and upper bound on asymmetry generation,
respectively, for κ = 1, 3, 5.
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Conclusion and Future Work

Ekpyrotic phase, induced by a fast-rolling pseudoscalar field,

Chern-Simons number density generated through coupling to ϕ

Successfully produce ηobs
B through both the Yi and Wi gauge fields.

For Yi , also source galactic magnetic fields, similar to inflation case.

Future Investigations
Detail the bounce dynamics and back-reaction effects,

Possibly gravitational wave signature.
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