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OQS in cosmology

open system effects may become relevant when

 i) light degrees of freedom interact with the system. 

ii) strongly coupled or otherwise non-perturbative regimes (e.g., reheating/preheating, 

electroweak phase transitions). 

iii) horizons (e.g. cosmological/black-hole horizons) 

iv) unresolved matter sectors

etc.

In cosmology there are several 

out of (or near) equilibrium processes



Open quantum systems 

• Two interacting sectors

     (subsystems).

• Scale separation of system and environment not always 

feasible.

• Averaging scheme to “integrate out the environment”.

   

•  Non-Hamiltonian evolution. 

• Study the effect of dissipation, noise, decoherence etc.

Environment

system

e.g., 

bath



Density matrix

Schrödinger Equation

von Neumann equation

The Schwinger-Keldysh path integral gives a formal solution for the 

time evolution of the reduced density matrix.

The density matrix encodes all the statistical and quantum information about 

the state of a system.



Density matrix

Evolution of the full density matrix

Matrix elements



[L. V. Keldysh (1964)

R. P. Feynman & F. L. Vernon Jr (1963)]

• Insert two resolutions of the identity:

• Use  the path integral identity:

In-in formalism
 CTP/Schwinger-Keldysh/real-time formalism

Path Integral

Identity 

(+ Branch)

Path Integral

Identity

(- Branch)

Sum over

initial states



In-in formalism
 the in-in contour generates correlation functions for general initial states

Physical observables 

correspond to traces:

e.g., differentiating with respect to sources 

on different branches yields the Wightman 

function of the photon

Summary of B.C.’s:



Keldysh r/a basis

“quantum field”

Semi-classical

expansion

“classical field”

Rotate basis

Ex: Scalar QED: 



In the Abelian Higgs action there is a local U(1)  redundancy.

Introduction to BRST gauge-fixing

The path integral “overcounts” physically equivalent configurations.

To quantize the theory, we must first eliminate this redundancy. 

gauge fixing term



BRST gauge-fixing in the in-in formalism

Retarded Advanced

Match fields

at final B.C.’s

Global BRST transf.

Preserved by the 

diagonal subgroup

• Gauge symmetry, breaks down to the 

diagonal subgroup only at the boundary. 

• Two independent gauge transf’s 

(retarded & advanced) remain in the 

dynamics.

δ𝐁𝐑𝐒𝐓



Decoupling limit
In the decoupling limit we recover the global symmetry.

BRST case – recover the global diagonal U(1).



i𝜖-prescription

We can repackage the state data into the iε-prescription

Ex: i𝝐 for a real massive free scalar field: 

For an initial Gaussian state with translation invariance we can encode the boundary 

conditions on the path integral.



i𝜖-prescription

rotate to r/a basis

Encodes initial data and determines the 

Keldysh / Haramard propagator 𝑮𝑲

Enforces the 𝒊𝝐 prescription 

for 𝑮𝑹 ​ and 𝑮𝑨



i𝜖-prescription

Global case

Ex:

What about the gauge theory? 

Not gauge invariant? Not BRST invariant

Invariance under the retarded (diagonal) gauge symmetry. 

Invariance under advanced gauge symmetry. 





Wilson lines

Introduce a Wilson line:

Although these fields have the same spacetime 
point, they are at different branches of the contour. 



Putting this into a BRST language

Why we care?

Recall, we implemented the initial conditions via the iε-prescription.

For the state to be physical in a BRST-quantised gauge theory, it must be BRST invariant.  

Invariant under retarded 

gauge transf. 



Wilson lines in practice

When integrating out charged matter, the resulting nonlocal kernels remain gauge invariant 

because the Wilson lines are already built into the background-field propagators.



Zinn-Justin / Master equation

• The in-out 1PI action Γand connected generating functions W give vevs of operators in the presence 

of an external source (with the 1PI effective action understood as an integral over all spacetime).

• The in-in generating functions apply for an arbitrary physical initial state, including mixed states, 

and apply to the finite time effective action.

• You can see this by introducing sources localized at the initial time surface to probe the initial state.

• ZJ equ encodes the way in which the BRST transformations are modified at the quantum level, so that 

the full 1PI effective action remains BRST invariant.



Open EFT matching

If you have access to the closed system 1PI action



Influence Functional Environment

photon

electron

+

bath

Assumed the initial state 

factorizes:

TRACE OUT ENVIRONMENT → REDUCED DENSITY MATRIX

• Generates cross-branch mixings

• Used to study entanglement

• Obtain the generating functional by introducing sources

The Influence Functional



It’s BRST all the way down

❖ The in-in action for the closed/fundamental theory is BRST invariant under the diagonal subgroup.

❖ We obtain the Influence Functional by tracing out the environment DOFs.

Recall:

Ward identities

The influence functional is gauge invariant under two independent 

copies of gauge transformations, one on each branch



Integrating out the electron in a thermal bath

Influence Functional (quadratic)

Non-local Kernels

Vacuum divs. - absorb into  field-

strength renormalization ~𝑞2 𝐹2

Feynman Wightman



Gauge invariance

Satisfy the 

Ward identity

Both, diagonal and advanced 

gauge symmetries are preserved.

Decompose transverse and longitudinal components

Modifies 

dispersion relation
Dissipation

gauge invariance is encoded in the index structure 

Non-local kernels

noise



Locality in weakly coupled theories?

The classical Boltzmann contributions survive in 

the high-temperature limit, but not space-time local.

Photon is weakly coupled to thermal environment.

Memory effects.

Gradient expansions allowed.



In  cosmological scales, gravity and other fields interact only weakly at low temperatures.

In cosmology, we expect non-local kernels parametrise open-system effects.

Standard Wilsonian (vacuum) EFT









Does integrating heavy DOFs in  weakly 

coupled EFTs lead to open system effects?











“Open Electromagnetism” (bottom-up)

Assumptions:



“Open Electromagnetism” (matching)
Matching to the top-down action

Open EM Influence Functional

Decompose into longitudinal 

and transverse components Matching carefully to the above expressions

Match the coefficients to the kernels we derived from the top down



Abelian Higgs-Kibble Model a la Caldeira-Leggett

Couple the abelian Higgs-Kibble model coupled to a charged bath 

SSB vev is shifted and the bath fields acquire a vev unitary gauge



Abelian Higgs-Kibble Model a la Caldeira-Leggett

Tree level interaction 

Noise/dissipation

Dispersion mod

Integrate out the bath and the Higgs



Abelian Higgs-Kibble Model a la Caldeira-Leggett

Bottom-up



Conclusions

• Understand how to systematically construct gravitational 

EFTs and address technical challenges

• Make progress on open questions about causality, unitarity.

• Phenomenology (gravitational waves, quantum gravity and 

quantum properties of matter etc)

The total action respects the diagonal BRST symmetry because the influence 

functional is invariant under two copies of gauge symmetries by virtue of the 

Wilson lines which emerge naturally from the background field propagators.

More to do



High Temperature Limit
In general non-local for system weakly coupled to bath.



Wilsonian limit
Wilsonian limit dominates; open effects are very suppressed.



Quantisation of gauge theories

Insist on positive-energy states but allow for states with negative norm 
Preserve 

Lorentz

invariance

Example, canonically quantise the photon,

the timelike 1p state picks up a a negative norm

Indefinite Hilbert space → eigenvalues of Hermitian operators need not be real

→ Vacuum wavefunctional is not normalisable

vacuum wavefunctional is 

normalisable

in SK, unitarity i.e. conservation of probability →
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