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背景

Review of Schwinger-Keldysh Formalism

• “ Partition Function ”
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背景

Review of Schwinger-Keldysh Formalism

• Properties of Coherent States
• Over-Complete Coherent State Basis

• Identity

• Trace of Operators in Number and Coherent Basis
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背景

Review of Schwinger-Keldysh Formalism

• In the 3×3 Discrete Case
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背景

Review of Schwinger-Keldysh Formalism

• Partition Function in Discrete Coherent Basis

• Initial Density Matrix : Proper Inverse / Green Function
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背景

Review of Schwinger-Keldysh Formalism

• Normalization and Continuum Notation
• Determinant

• Normalization

• Continuum Notation
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背景

Review of Schwinger-Keldysh Formalism

• Normalization and Continuum Notation
• Continuum Notation

• Zero Mode and Boundary Terms (To Uniquely Determine Inverse Operator �)

• To Avoid Integration along the Closed Time Contour
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背景

Review of Schwinger-Keldysh Formalism

• Green Functions
• Correlator of Two Bosonic Fields

• Inverse i�−1 to Derive i�
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背景

Review of Schwinger-Keldysh Formalism

• Green Functions
• Matrix Elements

• Continuum Limit
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背景

Review of Schwinger-Keldysh Formalism

• Green Functions
• Four Green Functions are not Independent

• Keldysh Rotation

• Retarded, Advanced and Keldysh Components of Green Functions



12

背景

Review of Schwinger-Keldysh Formalism

• Keldysh Rotation
• Retarded, Advanced and Keldysh Components of Green Functions
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背景

Review of Schwinger-Keldysh Formalism

• Keldysh Rotation
• Toy Example of Single Boson Level
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背景

Review of Schwinger-Keldysh Formalism

• Keldysh Rotation
• Toy Example of Single Boson Level

• Graphic Representation

• Fluctuation-Dissipation Theorem
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背景

Review of Schwinger-Keldysh Formalism

• From (0+1) d QM to (3+1) d QFT
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背景

Single-Particle Quantum Mechanics

• Parametrize the Action by its Real and Imaginary Parts
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背景

Single-Particle Quantum Mechanics

• Indeed the Action of the Quantum Harmonic Oscillator

• Integrate out Momentum to Derive the Lagrangian Form

• Feynman Lagrangian Action of the Harmonic Oscillator on CTP

• Keldysh Rotation
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背景

Single-Particle Quantum Mechanics

• Keldysh Rotation
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背景

Single-Particle Quantum Mechanics
• Small Fluctuation of Quantum Components

• Classical Newtonian Dynamics of 

• Higher-Order Terms : Both are Subject to Quantum Fluctuations

• Harmonic Oscillator
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背景

Single-Particle Quantum Mechanics
• Quantum Particle in Contact with an Environment

• Interaction between the Particle and Bath Oscillators 

• Dissipative Action (Integrate out the Bath)
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背景

Single-Particle Quantum Mechanics
• Dissipative Action (Integrate out the Bath)

• Bath Spectral Density
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背景

Single-Particle Quantum Mechanics
• Dissipative Action (Integrate out the Bath)

• Causality Structure

• Ohmic Bath (More Realistic Model of the Environment)

• Keldysh Component (FDT)
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• Dissipative Action (Integrate out the Bath)
• Ohmic Bath 

• Time Domain (R/A : Local   K : Non-Local)

• Keldysh Action of the Particl Connected to the Ohmic Bath

背景

Single-Particle Quantum Mechanics
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• Dissipative Action (Integrate out the Bath)
• Keldysh Action of the Particl Connected to the Ohmic Bath

• q-q Component : Finite instead of Higher Order

• Broken Time-Reversal Symmetry / Unitarity after Integrating out

• Linear Term ⇒ Newtonian Equation with the Viscous Friction Force

• Hubbard-Stratonovich Transformation
背景

Single-Particle Quantum Mechanics
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背景

Rotating-Wave Approximation

• Self-Energy Related to Quantum Fluctuation

• Predicament : Non-Locality at Small Temperatures
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背景

Rotating-Wave Approximation
• Particular Mode of a Resonant Cavity

• Filter out Low-Frequency Part of the Bath Spectrum

• Self-Select Relatively Narrow High-Frequency Band

• Weakly Nonlinear Bosonic Oscillator
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背景

Rotating-Wave Approximation

• Particular Mode of a Resonant Cavity
• Weakly Nonlinear Bosonic Oscillator

• External Monochromatic Drive

• Unitary Transformation to the Rotating Frame
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背景

Rotating-Wave Approximation

• Particular Mode of a Resonant Cavity
• Corresponding Schrodinger Equation

• Hamiltonian under this Frame
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背景

Rotating-Wave Approximation

• Rotating-Wave Approximation (RWA)
• Hamiltonian

• Detuning Frequency
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背景

Rotating-Wave Approximation

• Dissipative Action for the Oscillator
• Fourier Transformation
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背景

Rotating-Wave Approximation

• Dissipative Action for the Oscillator
• Dissipative Self-Energy

• Narrow Band around � ≈ �

• Locality

• Spectral Density of the Bath at the Resonace Frequency
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背景

Rotating-Wave Approximation

• Dissipative Action for the Oscillator
•  �-Independent Dissipative Self-Energy ⇒ Time-Local Effective Action

• Shift the Classical Field to Eliminate the Driving Term ~�
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背景

Rotating-Wave Approximation

• Dissipative Action for the Oscillator
•  Shift the Classical Field to Eliminate the Driving Term ~�

• Non-Linear Equation

• Bogoliubov & Non-Linear Terms

• Higher Order (Cubic) Terms in Quantum Component
• Contain Full Quantum Information

• von-Neumann Equation : Unitary Evolution

• Time-Local Driven-Dissipative Action : Non-Unitary Evolution
• Bath Degrees of Freedom were Integrated out

• Non-Unitary Evolution Equation for the Reduced Density Matrix ( Lindblad Equation )
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背景

Lindblad Equation

• Non-Unitary Evolution

• Particle Loss; Decoherence

• Lindblad Master Equation

• Unitary Evolution

• Unitary Evolution
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背景

Lindblad Equation
• Reduced Density Matrix / Trace out

• von-Neuman Equation ❌       Lindblad Equation ✅ 

• Non-Hermitian Operators �� : Lindblad / Quantum Jump Operators
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背景

Lindblad Equation

• GKSL Equation (A Brief History of the GKLS Equation : arXiv:1710.05993)
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背景

Lindblad Equation —— On the Generators of Quantum Dynamical Semigroups

• Motivation
• Cloed System : One-Parameter Group Unitary Transformation in Hilbert Space

• Irreversible Processed? (Decay of Unstable Particles, Approach to Thermodynamic 

Equilibrium, Measurement Processes)  
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背景

Lindblad Equation —— On the Generators of Quantum Dynamical Semigroups

• To Avoid Unitary Evolution ⇒ Non-Hamiltonian Systems

• Measure Process (System + Ancilla/Pointer)

• Stochastic External Force in Brownian Motion (Particle + Fluid)
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背景

Lindblad Equation —— On the Generators of Quantum Dynamical Semigroups

• Is Lindblad for me? ( arXiv:2506.22436 )

• Hierarchy of Timescales
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背景

Lindblad Equation —— An Introduction to Operator Algebra
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背景

Lindblad Equation —— An Introduction to Operator Algebra
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背景

Lindblad Equation —— An Introduction to Operator Algebra
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背景
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背景

Lindblad Equation —— An Introduction to Operator Algebra



138

背景

Lindblad Equation —— An Introduction to Operator Algebra
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背景

Lindblad Equation —— An Introduction to Operator Algebra
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背景

Lindblad Equation —— On the Generators of Quantum Dynamical Semigroups

• Unitary Evolution : Group

• Non-Unitary Evolution : Semigroup (Preferred Direction in Time)

• Axioms for a Dynamical Semigroup (Ingarden and Kossakowski) 
• Let � be a �∗-algebra. A dynamical semigroup is a one-parameter family �� of 

maps of � into itself satisfying
• a) �� is positive

• b) ��(�) = �
• c) �� ∙ �� = ��+�
• d) ��(�) → � ultraweakly, � → 0
• e) � is normal (ultraweakly continuous)
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背景

From Keldysh to Lindblad —— Coherent State Representation for Lindbladian Evolution

• Formal Solution of the Master Equation

• Infinitesimal Steps

• Bosonic Case & Two Sets of Coherent State Over-Complete Basis
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背景

From Keldysh to Lindblad —— Coherent State Representation for Lindbladian Evolution

• Instantaneous Density Matrix Operator

• Express Matrix Elements of Reduced Density Matrix ��+1 with ��
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背景

From Keldysh to Lindblad —— Coherent State Representation for Lindbladian Evolution

• Instantaneous Density Matrix Operator

• Express Matrix Elements of Reduced Density Matrix ��+1 with ��
• Iterate to the Final Step
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• Normalization of the “Partition Function”

背景

From Keldysh to Lindblad —— Coherent State Representation for Lindbladian Evolution
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• Action in the Continuum Limit / Effective Keldysh Action

背景

From Keldysh to Lindblad —— Coherent State Representation for Lindbladian Evolution
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• Effective Keldysh Action

• No Dissipative ⇒ Factorised Action (Unbroken Time Reversal Symmetry)

• Mixing Terms (broken Time Reversal Symmetry)

背景

From Keldysh to Lindblad —— Coherent State Representation for Lindbladian Evolution
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• Effective Keldysh Action

• Quantum Jump Operators Correspond to an Approximately Time-Local Effective 

Keldysh Action (Non-Markovian)

• Simplest Jump Operators

背景

From Keldysh to Lindblad —— Coherent State Representation for Lindbladian Evolution
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• General Interaction

• Two Competing Jump Operators

                    Down Jumps                             Up Jumps       

• Ratio of the Corresponding Down to Up Rates

• Independent of Details of the Coupling Mechanism (Rotating-Wave FDT)

背景

From Keldysh to Lindblad —— Coherent State Representation for Lindbladian Evolution
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背景

Linear Systems
• Recall : Keldysh Rotation

• Consider Unitary Transformation

• Check
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背景

Linear Systems
• Corresponding Lindblad Equation

• Coefficients
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• Corresponding Lindblad Equation

• Shift Equation

• Lindblad Equation for Linear Systems 

背景

Linear Systems
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• Glauber-Sudarshan Coherent State Representation

• Recall Properties of Coherent States

• Lindblad Equation in GS Representation

背景

Linear Systems
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• Lindblad Equation in GS Representation

背景

Linear Systems
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• Lindblad Equation in GS Representation

• Fokker-Planck Equation for the Probability Distribution in the Phase Space

• Dissipative Terms ∝ �

• Dynamical Terms : Genrate Rotation in the Phase Space ∽ ��
• Boltzmann-Like Distribution

背景

Linear Systems
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• Lindblad Equation in GS Representation

• Boltzmann-Like Distribution (Stationary)

• In Number State Basis

背景

Linear Systems
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• Lindblad Equation in GS Representation

• Equilibrium Thermal Density Matrix

• Fluctuations around the Driven Path in the Phase Space

• Linear Drive : No Nonequilibrium Distribution

• Parametric Dirve

• GS Stationary Function in the Unshifted Frame

• Zero Temperature ⇒ Pure Coherent Stae Density Matrix 背景

Linear Systems
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• Hubbard-Stratonovich Transformation of 
• Integration over Quantum Component Gives Langevin Equation

• Correspongding Fokker-Plank Equation

• Normalized Stationary Solution

背景

Linear Systems



Thanks for Your Listening

Reporter: Zi-Hao Liu
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