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Outline:

• SM and BSM effective potentials                                   
with non-equivalent vacua 

• Domain walls  
• Domain walls at finite temperature 
• Domain walls and gravitational waves 
• Summary 



Models of interest

• Radiatively generated minima (eg SM at large field 
strength)                                                                           

 
• Run-away potentials (moduli of stringy models), 

Quantum Scale Symmetric SM                             

• Models of strong first-order phase transitions - colliding 
bubbles (thermal effects play a role)
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Models of interest

• Monodromy axion models, relaxion 
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SM E↵ective potential

Standard Model E↵ective potential
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For large field values m2 << �2 and µ = � the potential is very well
approximated by
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SM Metastability

�e↵ < 0 =) Metastability

D. Buttazzo, et al. [arXiv:1307.3536].
G. Degrassi, et al. [arXiv:1205.6497].

See lectures by G. Degrassi Corfu 2014

�
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Magnitude of the suppression scale

Approximate lifetime:

⌧

TU
=

1

µ4(�min)T
4
U

e
8⇡2

3|�min| .

Positive �6 and �8 ! stabilizing the potential

Figure: Scale dependence of �e↵
4 = V

�4 with �6 = �8 = 1 for di↵erent values of
suppression scale M. The lifetimes corresponding to suppression scales
M = 108, 1012, 1016 are, respectively, log10(

⌧
TU

) = 1, 1302, 581 while for the

Standard Model log10(
⌧
TU

) = 540.

New Physics at the scale M 
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Magnitude of the suppression scale

Positive �8 and negative �6 ! New Minimum

Figure: Scale dependence of
�e↵
4 =

V
�4 with �6 = �1 and �8 = 1 for

di↵erent values of suppression scale M. The lifetimes corresponding to

suppression scales M = 10
8, 1012, 1016, are, respectively,

log10(
⌧
TU

) = �45,�90,�110 while for the Standard Model

log10(
⌧
TU

) = 540.



SM + dilaton



/14Scale-invariant dimensional regularization / P Olszewski / XXX Workshop Beyond the Standard Model / March 2018 Bad Honnef 

Quantum scale symmetric effective lagrangian 

No scale anomaly in

renormalizable,
classicaly scale-invariant

go to broken phase

compute loop corrections (in momentum expansion) & RGE functions  β, γ  

● Homogenous function (no mass-parameters, only vev’s)

●                 sym.

● Satisfies Callan-Symanzik eq.

„dynamical” 
regulator
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See talks by G.G. Ross
and D. Ghilencea



/14Scale-invariant dimensional regularization / P Olszewski / XXX Workshop Beyond the Standard Model / March 2018 Bad Honnef 

Quantum scale symmetric effective lagrangian 

RG-improvement:

to avoid large logs.

Choose

Spontanous scale-symmetry breaking:

flat direction in u
n
b
ro

ke
n

u
n
st

a
b
le

renormalization condition,
similar to choosing C.C.

● Hierarchy of scales via aligning the flat direction             

● New perspective on naturalness: is this alignement stable wrt. embedding in a UV completion?
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/14Scale-invariant dimensional regularization / P Olszewski / XXX Workshop Beyond the Standard Model / March 2018 Bad Honnef 

Quantum scale symmetric SM +    

(electroweak vacuum electroweak flat direction)

EW
flat-dir.

● unstable

(c
a
rt
o
o
n
)

● unbounded below

V
eff

 is:
Tunneling via 2-dim instanton 
(Coleman’s bounce), in the 
presence of nonrerm. terms.

(Even stronger) motivation to 
stabilise the V

eff
 completely:
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/14Scale-invariant dimensional regularization / P Olszewski / XXX Workshop Beyond the Standard Model / March 2018 Bad Honnef 

Summary

1) You may use a field as the scale μ

  in Dim-Reg to preserve scale symmetry at the quantum level.

2) The price to pay: infinitely many nonpolynomial       operators

  and corresponding couplings: nonrenormalizability.

3) Minimal subtraction scheme involves evanescent interactions.

4) Presence of a flat direction ← tuning.

5) Naturalness: aligning the flat direction perpendicular to Higgs

6) Instability = unboundedness below

14

SM + dilaton



Gravity Corrections in Curved Space
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Coleman-De Luccia bounces
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Transition probability

CDL
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Equations of motion

Boundary conditions
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Hawking-Moss solution

Simpler HM solution S.W. Hawking, I.G. Moss, Phys.Lett. B 110 (1982) describes the probability for a whole
spacetime volume to transition simultaneously to the top of the barrier (max) and
continue by a classical roll-down:

SHM = Smax � Sfv =

= � 24⇡2(1�⇠�2
max)

2

2Vmax
+ 24⇡2(1�⇠�2

fv)
2

2V fv

including the modification coming from ⇠

  classical 

 roll-down
CDL tunneling

HM

(ϕmax , Vmax )

ϕ

V

Olga Czerwi�ska (University of Warsaw) Warszawa, 21.11.2016 15 / 25
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Conclusions
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The influence of non-minimal coupling to gravity is very different in cases of Minkowski
and dS vacua:

dS - the decay probability quickly decreases as the coupling grows,
vacuum can be made absolutely stable
Minkowski - effect is much weaker, the decay rate increases for small values, TW
approximation works worse significantly overestimating the increase in action due
to ⇠

Even though TW approximation may not give a precise result in a specific model, the
order of magnitude is right (especially in dS case where gravitational correction
decreases the stability).

Thank you for your attention.
Olga Czerwi�ska (University of Warsaw) Warszawa, 21.11.2016 25 / 25
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Domain walls
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Network of walls prefers the true vacuum!
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About our simulation

• We modeled the Higgs field with a positive, real scalar �.
• The evolution of � is given by EOM:

@2�

@⌘2 +
↵

⌘

✓
d ln a
d ln ⌘

◆
@�

@⌘
��� = �a�

@V

@�
,

with a potential V (�) equal to the RG improved potential of the
SM Higgs VSM(|h|).

• The PRS algorithm2 (with ↵ = 3, � = 0) was used.
• We used the optimization of a time step3.
• Our simulations were run on a lattice of the size 5123.

2William H. Press, Barbara S. Ryden, and David N. Spergel. “Dynamical Evolution of Domain Walls in
an Expanding Universe”. In: Astrophys. J. 347 (1989), pp. 590–604. DOI: 10.1086/168151.

3Z. Lalak, S. Lola, and P. Magnowski. “Dynamics of domain walls for split and runaway potentials”. In:
Phys. Rev. D78 (2008), p. 085020. DOI: 10.1103/PhysRevD.78.085020. arXiv: 0710.1233 [hep-ph].
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Initial conditions

Following the general considerations4 we assumed that the initial
distribution of field strength is given by probability distribution:

P(�) =
1p
2⇡�

e�
(��✓)2

2�2 .

We considered various combinations of values of � and ✓ in order to
cover the set of initial conditions which can be predicted by models of
the early Universe.
Our simulations were initialized at different conformal times ⌘start
ranging from 10�14 GeV�1 to 10�10 GeV�1.

4Z. Lalak et al. “Large scale structure from biased nonequilibrium phase transitions: Percolation theory
picture”. In: Nucl. Phys. B434 (1995), pp. 675–696. DOI: 10.1016/0550-3213(94)00557-U. arXiv:
hep-ph/9404218 [hep-ph].
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Dependence on the initialization time

For nearly equal contributions of both vacua at the initialization, late
domain walls decay longer leading to domination of the EW vacuum
even if the fraction of lattice sites occupied by this vacuum decreases

initially.
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Dependence on the initialization time

The decay of domain walls ending in the state without the EW
vacuum is possible even for the initial configuration with a slight
dominance of the EW vacuum.
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Higgs domain walls after reheating
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•

•

•
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Thermal effective potential 
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Summary - thermal bath

• SM thermal corrections to the effective potential 
enlarge the basin of attraction of the EWSB vacuum 

• Higgs domain walls in the thermal bath are highly 
unstable 
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Gravitational waves from domain walls
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Gravitational waves from domain walls

after redshift
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Expectations:
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(a) (b)

(c) (d)

Figure 11: Visualization of the isosurface of the field strength � corresponding
the value vmax at four di↵erent conformal times: ⌘ = 10�9 GeV�1 (a) and ⌘ =
1.2⇥ 10�9 GeV�1 (b), ⌘ = 1.3⇥ 10�9 GeV�1 (c), ⌘ = 1.4⇥ 10�9 GeV�1(d). Lengths
are given in units of the lattice spacing i.e. 10�10 GeV�1.

algorithm. Main observables in our simulations were the conformal time at which the network
of domain walls decays and the spectrum of GWs emitted during this decay.

– 20 –

Numerical simulations:
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Spectrum of GWs after emission
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Figure: Spectrum of gravitational waves ⌦gw emitted from SM domain walls at the time of the decay.
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Present spectrum of GWs
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Figure: Predicted sensitivities (dashed) for future GWs detectors: aLIGO, ET, LISA, LISA:TNG, DECIGO
and BBO compared with the spectrum of GWs (solid) calculated in lattice simulations for the initial values
of � = 108, 109 GeV and the standard cosmology.
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New Physics and domain walls
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Generic asymmetric domain walls 
and gravitational waves



Models of interest

• Radiatively generated minima (eg SM at large field 
strength)                                                                           

 
• Run-away potentials (moduli of stringy models), 

Quantum Scale Symmetric SM                             

• Models of strong first-order phase transitions - colliding 
bubbles (thermal effects play a role)
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Models of interest

• Monodromy axion models, relaxion 
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Generic potential
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a, b - positions of minima, c - position of maximum
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Quanties of interest: energy density and peak frequency



Quanties of interest: energy density and peak frequency

<latexit sha1_base64="//v8qM3wwqmO0Sng1YrUaM+62ts="></latexit>

✏̃GW e�ciency parameter between 0.7 and 1
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�walls, ⌘dec - taken from simulations

<latexit sha1_base64="9M3rg9aMHkyDYCg0pTKL6fCPrqY=">AAACF3icbVDLSgNBEJz1bXxFPXoZTARPy66IBk8RPXhUMEZIQuiddJLB2dllplcIS/7Ci7/ixYMiXvXm3ziJOfgqGCiqqunpilIlLQXBhzc1PTM7N7+wWFhaXlldK65vXNkkMwJrIlGJuY7AopIaayRJ4XVqEOJIYT26ORn59Vs0Vib6kgYptmLoadmVAshJ7aJvCVyWn9aPeLkpQOXHwzKXmlMfuQHdQ14O/EozjXngh+V2sRT4wRj8LwknpMQmOG8X35udRGQxahIKrG2EQUqtHAxJoXBYaGYWUxA30MOGoxpitK18fNeQ7zilw7uJcU8TH6vfJ3KIrR3EkUvGQH372xuJ/3mNjLqVVi51mhFq8bWomylOCR+VxDvSoCA1cASEke6vXPTBgCBXZcGVEP4++S+52vPDA3//Yq9UrUzqWGBbbJvtspAdsio7Y+esxgS7Yw/siT17996j9+K9fkWnvMnMJvsB7+0TxricfA==</latexit>

stable DW: A in the range 0.8± 0.1



Quanties of interest: energy density and peak frequency

<latexit sha1_base64="2dOeWP6xlrtyN6U+d4SbrkWahX4=">AAACI3icbVDLSgMxFM34tr6qLt0EO4KrYUZEiyvBjcsKVoW2lDvpnTGYx5BkhFL6L278FTcuFHHjwn8xfSx8HQgczr0nyTlpIbh1cfwRzMzOzS8sLi1XVlbX1jeqm1tXVpeGYZNpoc1NChYFV9h03Am8KQyCTAVep3dno/n1PRrLtbp0/QI7EnLFM87AealbPbEMvDenBnMu8YTq1IG/q0fDtipDakDlaGlmtKRhHNWTkDpNwySKw261FkfxGPQvSaakRqZodKtv7Z5mpUTlmABrW0lcuM4AjONM4LDSLi0WwO4gx5anCiTazmCccUj3vNKjmTb+KEfH6nfHAKS1fZn6TQnu1v6ejcT/Zq3SZfXOgKuidKjY5KGsFKOYo8JojxtkTvQ9AWa4/ytlt2CAOV9rxZeQ/I78l1wdRMlRdHhxUDutT+tYIjtkl+yThByTU3JOGqRJGHkgT+SFvAaPwXPwFrxPVmeCqWeb/EDw+QUOjaFK</latexit>

scaling regime: obtained ⌫ ranges from 0.81 to 1.0

<latexit sha1_base64="NlgjzNUFcrErcXOHw/WdQFI6JWM=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKewG0RwDXjxGMImQrGF20psMmccyM6ssIf/hxYMiXv0Xb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jUo1hRZVXOn7iBjgTELLMsvhPtFARMShE42vZ37nEbRhSt7ZLIFQkKFkMaPEOulBKA14CBI04Tzrlyt+1Z8Dr5IgJxWUo9kvf/UGiqYCpKWcGNMN/MSGE6ItoxympV5qICF0TIbQdVQSASaczK+e4jOnDHCstCtp8Vz9PTEhwphMRK5TEDsyy95M/M/rpjauhxMmk9SCpItFccqxVXgWAR4wDdTyzBFCNXO3YjoimlDrgiq5EILll1dJu1YNLqsXt7VKo57HUUQn6BSdowBdoQa6QU3UQhRp9Ixe0Zv35L14797HorXg5TPH6A+8zx+rL5KZ</latexit>

more generally
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meta-stable DW: A in the range 0.08� 0.34



Scaling regime
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Quanties of interest: energy density and peak frequency
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Quanties of interest: energy density and peak frequency
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Summary II

• For a strong signal and a low frequency peak a period of 
stable evolution is needed 

• Bias of the initial distribution easily destabilises the 
network 

• Asymmetry of the potential destabilises the network for 
symmetric distributions 

• Short living networks may give a strong signal if the 
energy scale is very large - but this produces a high 
frequency peak, beyond current sensitivity 

• Decaying networks of domain walls produce a signal in 
the form of gravitational waves - too weak to be detected 
anytime soon - if a signal is detected then either fine-
tuning or non-standard cosmology have occurred
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