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A(t, ⃗x) = (A0, A1, A2, A3)

Electromagnetism
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[Zee, Quantum Field Theory in a Nutshell]

ϕ(t, ⃗x)

Scalar field

Consider a new scalar field 

 
Classical limit = large occupation number
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Particle in a potential

E = T + U(x) =
1
2

m ·x2 + U(x)

ϕ(t, ⃗x)

U(x)

x

E = ∫ d3x ρ

x
One degree of freedom One degree of freedom at each point in space

ϕ( ⃗x)

ρ ∼ (∂tϕ)2 + (∂iϕ)2 + U(ϕ) ,



Symmetry preserving potential
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Z2 : ϕ → − ϕ

U(−ϕ) = U(ϕ)

Preserved by the vacuum


ϕmin = 0 = − ϕmin

E.g. U(ϕ) = f2
aϕ2 + λϕ4
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Spontaneous symmetry breaking

Symmetry:


 
Z2 : ϕ → − ϕ

U(−ϕ) = U(ϕ)

Similar to:

ρ ∼ (∂tϕ)2 + (∂iϕ)2 + U(ϕ) ,

E.g. U(ϕ) = − f2
aϕ2 + λϕ4

Broken by the vacuum


ϕmin = ± fa
2λ

≠ − ϕmin

High T ≫ fa

Low T ≪ fa
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The early Universe
Temperature
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The early Universe
Hubble horizon:Temperature
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U(ϕ) = ( |ϕ |2 − f2
a)2
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Strings

δs ≃
1
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ϕ = fa g( |x | )eiθU(ϕ)
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Strings

δs ≃
1
fa

ϕ(t, ⃗x) ∈ ℂ

U(ϕ) = ( |ϕ |2 − f2
a)2

ϕ = fa g( |x | )eiθ

g(0) = 0 g(∞) = 1

U(ϕ)

Re(ϕ)

Im(ϕ)

E/L ∼ πf2
aString tension



Cosmological evolution
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gravitational waves,


signals in the cosmic microwave background

T ≳ fa
today∼ 1010 GeV → 1016 GeV T ∼ GeV

Strings form
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Cosmological evolution

Destroyed

T ≳ fa
today∼ 1010 GeV → 1016 GeV T ∼ GeV

Dynamics: 
- nonlinear                          analytics 
- large scale separation      numerics

Strings form Relic dark matter, 

gravitational waves,


signals in the cosmic microwave background



Simulations

• a few lattice points per string core 


• a few Hubble patches



Simulations

• a few lattice points per string core 


• a few Hubble patches

Memory constraints            max   grid points50003

Simulations


Physical

fa
H

≲ ≲ 1000

fa
H

∼ 1030



Strings form Destroyed Relic dark matter and 
gravitational waves

T ≳ fa
today∼ 1010 GeV → 1016 GeV T ∼ GeV

Simulate Extrapolate



Scaling solution

~ one Hubble length of string per 
Hubble patch 



Strings form Destroyed

Dark matter 


Gravitational waves

T ≳ fa
today∼ 1010 GeV → 1016 GeV T ∼ GeV

≃ πf2
a × H−1

Energy emitted 
per Hubble time 

and Hubble 
volume
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ρDM = nDM mDM

Observations

Calculated

Predicted

mDM



Gravitational waves



Gravitational waves



Gravitational waves



Work in progress
Adaptive meshing 1st order phase transitions



Summary
(often)• Spontaneous symmetry breaking                          “Topological defects” 

• Persist from the early universe 

• Access to ultra-high energy scales   

• Also the very early Universe:  

• Ongoing experimental and theoretical effort

∼ 1016 GeV

T ∼ 108 GeV ⟹ tuniverse ∼ 10−22 second



Summary
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Thanks

• Spontaneous symmetry breaking                          “Topological defects” 

• Persist from the early universe 

• Access to ultra-high energy scales   

• Also the very early Universe:  

• Ongoing experimental and theoretical effort

∼ 1016 GeV

T ∼ 108 GeV ⟹ tuniverse ∼ 10−22 second
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d

δs ≃
1
fa

Core :   πf2
a

Gradient : ∫
rmax

f−1
a

dr 2πr
∂θ ϕ

r

2

μ = E/LString tension

ℋ ∼ (∂iϕ)2 + U(ϕ)

U(ϕ) = ( |ϕ |2 − f2
a)2

f −1
a

ϕ = fa g( |x | )eiθ

∼ πf2
a log ( rmax

f−1
a )

μ ≃ πf2
a log ( d

f−1
a )

μ ≃ πf2
a log ( fa

H )
Early universe:

Grows 
with 
time
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Scaling solution

log(t)



Small violations of scaling

log(t)


