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Outline

❖ first order phase transition in particle physics

❖ Quantum computing

❖ Ising model with external field

❖ Tricritical Ising model
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EW phase transition

3

Matter 
anti-matter 
asymmetry

Out of equilibrium 

B-violation

C- and 
CP-

violation

heavy particle decay
 (leptogenesis)

first order phase transition 
(EW baryongenesis)

V (�, T ) = m2(T )�2 � E(T )�3 + �(T )�4

<latexit sha1_base64="wJsglnu4wWpc8ypBNnaMDGxDmHY=">AAACI3icbZDLSgMxFIYz9VbrbdSlm2ARKmqZqQOKIBRFcFmhN+iNTCbThmYuJBmhlL6LG1/FjQuluHHhu5iZDqKtBwJ/vnNJzm+HjAppGJ9aZml5ZXUtu57b2Nza3tF39+oiiDgmNRywgDdtJAijPqlJKhlphpwgz2akYQ9v43zjkXBBA78qRyHpeKjvU5diJBXq6Vf1Qjsc0FNYPYbX0OuWCkrEpFuCZ/Du53YOT9pMjXWQQgmxenreKBpJwEVhpiIP0qj09GnbCXDkEV9ihoRomUYoO2PEJcWMTHLtSJAQ4SHqk5aSPvKI6IyTHSfwSBEHugFXx5cwob87xsgTYuTZqtJDciDmczH8L9eKpHvZGVM/jCTx8ewhN2JQBjA2DDqUEyzZSAmEOVV/hXiAOMJS2ZpTJpjzKy+KeqloWkXrwcqXb1I7suAAHIICMMEFKIN7UAE1gMETeAFv4F171l61qfYxK81oac8++BPa1zc7Q5/H</latexit>

discontinuous order parameter
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EW phase transition
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lattice field theory?  Intractable sign problem.
What about we do a real simulation with quantum computer?

V (�, T ) = m2(T )�2 � E(T )�3 + �(T )�4

<latexit sha1_base64="wJsglnu4wWpc8ypBNnaMDGxDmHY=">AAACI3icbZDLSgMxFIYz9VbrbdSlm2ARKmqZqQOKIBRFcFmhN+iNTCbThmYuJBmhlL6LG1/FjQuluHHhu5iZDqKtBwJ/vnNJzm+HjAppGJ9aZml5ZXUtu57b2Nza3tF39+oiiDgmNRywgDdtJAijPqlJKhlphpwgz2akYQ9v43zjkXBBA78qRyHpeKjvU5diJBXq6Vf1Qjsc0FNYPYbX0OuWCkrEpFuCZ/Du53YOT9pMjXWQQgmxenreKBpJwEVhpiIP0qj09GnbCXDkEV9ihoRomUYoO2PEJcWMTHLtSJAQ4SHqk5aSPvKI6IyTHSfwSBEHugFXx5cwob87xsgTYuTZqtJDciDmczH8L9eKpHvZGVM/jCTx8ewhN2JQBjA2DDqUEyzZSAmEOVV/hXiAOMJS2ZpTJpjzKy+KeqloWkXrwcqXb1I7suAAHIICMMEFKIN7UAE1gMETeAFv4F171l61qfYxK81oac8++BPa1zc7Q5/H</latexit>

SM: crossover if Higgs mass 
larger than 80GeV (lattice)

BSM: perturbative calculation, 
thermal potential only up to one-loop,

High T expansion to leading order 

If first order: understand non-equilibrium dynamics?  
      dynamics of bubble nucleation, nucleation temperature, particle production, etc.

first order phase transition 
(EW baryongenesis)
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Quantum Computing

Real-time Minkowski space evolution

Exponentially-large Hilbert spaces

Mitigated sign problems

Integral over phases

etc..

Phase transition,
Non-equilibrium dynamics
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Quantum Computing
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However,  Noisy Intermediate-Scale Quantum (NISQ) era: 50-100 qubits

So limited resources in the near future.   

Challenge: we cannot simply discretize our field theory

The very first step

toy model with FOPT
time evolution in our expanding universe
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Ising model with external field
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1D

FOPT only at zero temperature
Tc=0.

Can we still learn something,
e.g. 

nucleation time (phase transition time)?
Preliminary 
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Ising model with external field
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1D@T=0

FOPT only at zero temperature
Tc=0.

Hysteresis-like behavior: hints for the exact nucleation time?
nucleation time differs from the time with T=Tc 

[Janne Ignatius, hep-ph/9312293]

Preliminary 
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Ising model with external field

Set h_z = 0 and take the continuum limit: free fermion theory

c = 2Ja,� = 2J � 2hx

<latexit sha1_base64="nHir8ygjWzKd3wI21P1A5VaNLzo=">AAACBnicbVC7SgNBFJ2Nrxhfq5YiDAbBQsNuCGgjBLWQVBHMA5JlmZ3cTYbMPpiZFUNIZeOv2FgoYus32Pk3ziZbaPTAhTPn3Mvce7yYM6ks68vILSwuLa/kVwtr6xubW+b2TlNGiaDQoBGPRNsjEjgLoaGY4tCOBZDA49Dyhpep37oDIVkU3qpRDE5A+iHzGSVKS665T/E5LuMaJse4ewVckfRdwydlPHDvXbNolawp8F9iZ6SIMtRd87Pbi2gSQKgoJ1J2bCtWzpgIxSiHSaGbSIgJHZI+dDQNSQDSGU/PmOBDrfSwHwldocJT9efEmARSjgJPdwZEDeS8l4r/eZ1E+WfOmIVxoiCks4/8hGMV4TQT3GMCqOIjTQgVTO+K6YAIQpVOrqBDsOdP/kua5ZJdKVVuKsXqRRZHHu2hA3SEbHSKquga1VEDUfSAntALejUejWfjzXifteaMbGYX/YLx8Q1Rq5U6</latexit>

imc = �

<latexit sha1_base64="nsg2Rg1qCZ2Win0IRoPwTYHehLA=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQC9CUA8eI5gHJEuYnfQmQ2Z215nZQAj5Di8eFPHqx3jzb5wke9DEgoaiqpvuriARXBvX/XZya+sbm1v57cLO7t7+QfHwqKHjVDGss1jEqhVQjYJHWDfcCGwlCqkMBDaD4e3Mb45QaR5Hj2acoC9pP+IhZ9RYyedEEkauO3coDO0WS27ZnYOsEi8jJchQ6xa/Or2YpRIjwwTVuu25ifEnVBnOBE4LnVRjQtmQ9rFtaUQlan8yP3pKzqzSI2GsbEWGzNXfExMqtR7LwHZKagZ62ZuJ/3nt1IRX/oRHSWowYotFYSqIicksAdLjCpkRY0soU9zeStiAKsqMzalgQ/CWX14ljYuyVylXHiql6k0WRx5O4BTOwYNLqMI91KAODJ7gGV7hzRk5L86787FozTnZzDH8gfP5Az8mkR8=</latexit>
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Ising model with external field

FRW metric

1� hx(t)/J

1� hx(t0)/J
=

R(t)

R0

<latexit sha1_base64="mVSdgLq3nAkn0X8+7eZDlVrBq8c=">AAACHnicbVDLSgMxFM3UV62vUZdugkWoi9YZqehGKLoRV7XYB7RlyKQZG5p5kNwRyzBf4sZfceNCEcGV/o3pY6GtBwLnnnMvN/e4keAKLOvbyCwsLi2vZFdza+sbm1vm9k5DhbGkrE5DEcqWSxQTPGB14CBYK5KM+K5gTXdwOfKb90wqHga3MIxY1yd3Afc4JaAlxzzpeJLQxMZF3HcecAEOj67TxC7qogCONarwOZ401bSbJjXHSh0zb5WsMfA8sackj6aoOuZnpxfS2GcBUEGUattWBN2ESOBUsDTXiRWLCB2QO9bWNCA+U91kfF6KD7TSw14o9QsAj9XfEwnxlRr6ru70CfTVrDcS//PaMXhn3YQHUQwsoJNFXiwwhHiUFe5xySiIoSaESq7/immf6ChAJ5rTIdizJ8+TxnHJLpfKN+V85WIaRxbtoX1UQDY6RRV0haqojih6RM/oFb0ZT8aL8W58TFozxnRmF/2B8fUDizafrg==</latexit>

Time evolution for h_x

Preliminary 
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Ising model with external field

FRW metric

1� hx(t)/J

1� hx(t0)/J
=

R(t)

R0

<latexit sha1_base64="mVSdgLq3nAkn0X8+7eZDlVrBq8c=">AAACHnicbVDLSgMxFM3UV62vUZdugkWoi9YZqehGKLoRV7XYB7RlyKQZG5p5kNwRyzBf4sZfceNCEcGV/o3pY6GtBwLnnnMvN/e4keAKLOvbyCwsLi2vZFdza+sbm1vm9k5DhbGkrE5DEcqWSxQTPGB14CBYK5KM+K5gTXdwOfKb90wqHga3MIxY1yd3Afc4JaAlxzzpeJLQxMZF3HcecAEOj67TxC7qogCONarwOZ401bSbJjXHSh0zb5WsMfA8sackj6aoOuZnpxfS2GcBUEGUattWBN2ESOBUsDTXiRWLCB2QO9bWNCA+U91kfF6KD7TSw14o9QsAj9XfEwnxlRr6ru70CfTVrDcS//PaMXhn3YQHUQwsoJNFXiwwhHiUFe5xySiIoSaESq7/immf6ChAJ5rTIdizJ8+TxnHJLpfKN+V85WIaRxbtoX1UQDY6RRV0haqojih6RM/oFb0ZT8aL8W58TFozxnRmF/2B8fUDizafrg==</latexit>

Time evolution for h_x

With h_z =0, second order phase transition @ zero Temperature 

Hints for out-of equilibrium when the coupling is changing rapidly?

Preliminary 
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Tricritical Ising Model
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Adding interactions?
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[Edward O’Brien, Paul Fendley]

irrelevant four fermion operator in the continuum limit 

what can we learn from the evolution of this system in 
the expanding universe?

long adventure ahead!
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Questions in particle physics— QC oriented 

Other questions in particle physics calling for QC (Real time dynamics):

Bubble nucleation and gravitational wave during FOPT 

Parton shower

Fragmentation

Sphaleron production in High energy collisions (topological) [in progress]

Multi-particle production (non-perturbative) [in progress]

In the NISQ era, larger system, better story to tell about the 
QFT in the continuum limit.



Thank you



Back up



IBM superconducting transmon qubit (artifical atom, solid-
state QC, Josephson junction): 

        Q System One: 20 qubits, Jan 2019 

        14th QC: 53 qubits, Oct 2019; 

Rigetti:  
        28 qubits, Nov 2019 

D-wave: superconducting devices 

        5000 qubits, named advantage, mid 2020 

IONQ: trapped ion 

       Aiming for 100+ qubits


