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Introduction



Open systems in nature

open system: a system coupled to surrounding environment

※ Energy, charge, information etc are exchanged with environment.

Our systems are always surrounded by an environment!



Why open systems in cosmology? (1/2)

Case 1: Cosmological horizon gives separation of scales / regions.

subhorizonsuperhorizon

If we focus on dynamics of superhorizon / subhorizon modes,

subhorizon / superhorizon modes are identified with environment.

Case 2: Decoherence & residual coherence of primordial fluctuations

Entanglement between subsystems is useful to quantify quantumness.
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Why open systems in cosmology? (2/2)

Case 3: Coupling to environment bath

ex. Our universe is filled with fluids

 - EFT of Large Scale Structure = EFT of dissipative hydro

 - If we consider some dof coupled to the fluids in the universe,

   the fluids play a role of the environment. 

ex. Warm / dissipative inflation: .

 - Dissipation slows the rolling inflaton

 cf. quantum gravity corrections vs flatness of potential

··ϕ + (3H+γ) ·ϕ + V′￼(ϕ) = 0

It would also be great if cosmology offers new inspirations
useful to understand other open quantum systems in nature!



It would be important to develop an EFT approach

for such studies of open system perspectives in cosmology.



Based on this motivation, I was working on EFT of open systems,

- Extension of EFT of inflation to open system [Hongo-Kim-TN-Ota ’18],

 ※ Recently, [Salcedo-Colas-Pajer ’24] named it Open EFT of inflation 

     and studied phenomenology of primordial non-Gaussisnities.

- Coset construction for SSB in open systems [Hongo-Kim-TN-Ota ’19].

Also, more recently,

- Gravitational EFT for dissipative open systems [Lau-Nishii-TN ’24].

and several related works in progress.



In this talk, I discuss how to incorporate dynamical gravity to open EFT

with a short remark on application to tidal Love number & cosmic inflation.

[Mainly based on Lau-Nishii-TN ’24]

See, e.g., [Salcedo et al 25, Christodoulidis-Gong ’25, Kaplanek-Mylova-Tolley ’25, ’26, Abe-Nishii ’26]

for recent related developments.
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Dissipative scalar: an illustrative example

system ϕ environment

Consider a dissipative scalar  coupled to a white noise :

  with  .

※  holds for a thermal bath of temperature .

ϕ ξ

··ϕ + γ ·ϕ + V′￼(ϕ) = ξ ⟨ ξ(x) ξ(x′￼) ⟩ = A δ(4)(x − x′￼)

A = 2γT T

The Schwinger-Keldysh formalism is a path-integral framework

useful to describe such Langevin-type dynamics of open systems.



Schwinger-Keldysh description of the full sector



Schwinger-Keldysh / in-in formalism (1/2)

Figure 1. The closed-time-path on which the generating functional is defined.

2 Schwinger-Keldysh formalism: a pedagogical review

We begin by a review of the Schwinger-Keldysh (SK) formalism (also known as the closed-

time-path formalism) and its application to dissipative systems, using a simple model of

harmonic oscillators. The aim of this section is to share the necessary physical intuitions

and background technical information of the present paper in a rather compact and self-

contained manner. For more details of the SK formalism, we refer the readers to, for

example, Refs. [4, 29, 30]. Readers familiar with the SK formalism, especially coarse

graining in this framework, can safely skip Secs. 2.1-2.4 and go to Sec. 2.5, where general

properties of the SK e!ective field theory (SKEFT) are summarized.

2.1 Microscopic description

The SK formalism o!ers a framework for evaluating correlation functions in non-equilibrium

systems. A basic quantity is the closed-time-path generating functional W [J1, J2] defined

in the operator formalism as

eiW [J1,J2] = Tr
[
ω0 U

†
J2
(tf , ti)UJ1

(tf , ti)
]
, (2.1)

where UJ(t2, t1) is the time-evolution operator from t1 to t2 in the presence of external

sources collectively denoted by J . ω0 is the initial density operator inserted at t1. In the

path-integral form, W [J1, J2] is given by

eiW [J1,J2] =

∫
D”1D”2 e

i(S[!1;J1]→S[!2;J2]) , (2.2)

where S[”; J ] is the microscopic action of dynamical degrees of freedom, collectively de-

noted by ”. The SK formalism uses a pair of path-integral variables, {”1,”2} for each

dynamical degree of freedom ”, with each variable assigned to a (horizontal) section of the

contour in Fig. 1. As a result, the number of degrees of freedom is doubled compared to

the in-out formalism. The boundary conditions at the initial time ti are specified by the

initial density operator ω0. On the other hand, the boundary conditions at the final time

tf are ”1(tf ) = ”2(tf ).

A toy model. Many aspects of the SKEFT can be captured by a simple model of a

harmonic oscillator X coupled to an environment modeled by a set of harmonic oscillators

– 4 –

A fundamental quantity is the closed-time-path generating functional

   defined   by .

 -   : initial density matrix of the full sector

 - : (unitary) time-evolution operator w/source 

  ※ Two types of sources  are introduced.

W[J1, J2] eiW[J1,J2] = Tr [UJ1
(ti, tf ) ρ0 UJ2

(tf , ti)†]
ρ0

UJ(tf , ti) J

J1, J2
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The corresponding path-integral expression reads

 .

 - Two sets of  are introduced.

 - Boundary conditions at   : 

 - Boundary conditions at   is determined by

   the initial density matrix .

eiW[J1,J2] = ∫ DΦ1 DΦ2 exp (iS[Φ1; J1] − iS[Φ2; J2])

(Φ, J)

t = tf Φ1(tf ) = Φ2(tf )

t = ti
ρ0



Schwinger-Keldysh EFT of the system sector



SKEFT of the system sector (1/3)

system ϕ environment Σ

# Suppose that the unitary time-evolution of the full sector is described

   by the action , where  denotes environment dof collectively.

# The SK effective action  of  is given by integrating  out:

 .

 ※ Generically,  is not separable into the  sector and the  sector.

S[ϕ, Σ] Σ

Seff[ϕ1, ϕ2] ϕ Σ

∫ Dϕ1 Dϕ2 exp iSeff[ϕ1, ϕ2] = ∫ Dϕ1 Dϕ2DΣ1 DΣ2 exp (iS[ϕ1, Σ1] − iS[ϕ2, Σ2])

Seff[ϕ1, ϕ2] ϕ1 ϕ2

cf. Lindblad equation: ·ρ = − i[H, ρ] + ∑
I

(LI ρ L†
I −

1
2

{L†
I LI , ρ})



SKEFT of the system sector (2/3)

For example, the Langevin dynamics is described by

 

                       

- The first line is for non-dissipative dynamics.

- The second line is for dissipation and noise, which mix   and .

- The coefficient of the noise term is pure imaginary.

Seff = ∫ d4x[( −
1
2

(∂μϕ1)2 − V(ϕ1)) − (−
1
2

(∂μϕ2)2 − V(ϕ2))

−
1
2

γ (ϕ1
·ϕ2 − ·ϕ1ϕ2) +

i
2

A(ϕ1 − ϕ2)2 ]

ϕ1 ϕ2



SKEFT of the system sector (3/3)

For intuitive understanding, it is convenient to use the SK basis:

,   .

In this language, the effective action reads

 .

- The effective action vanishes if we set , i.e., .

- The first term gives the eom w/o the noise.

- The second term capture the noise dynamics.

ϕ =
ϕ1 + ϕ2

2
ϕa = ϕ1 − ϕ2

Seff = ∫ d4x[ − (− □ ϕ + γ ·ϕ + V′￼(ϕ)) ϕa +
i
2

Aϕ2
a + 𝒪(ϕ3

a)]
ϕa = 0 ϕ1 = ϕ2

See, e.g., our paper for a review of general properties of SKEFT

such as consequence of microscopic unitarity.
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Now let us incorporate dynamical gravity in this framework.



Gravitational EFT for open systems

non-grav coupling
System Environment

Gravity
T(e)

μν δgμνT(s)
μν δgμν

Key aspects of dynamical gravity:

- Gravity couples to all the degrees of freedom universally.

- The effective action has to respect diffeomorphism symmetry.



1) Global symmetry in SK formalism

2) Diffeomorphism symmetry

3) A proposal for the effective action
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contained manner. For more details of the SK formalism, we refer the readers to, for

example, Refs. [4, 29, 30]. Readers familiar with the SK formalism, especially coarse
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the in-out formalism. The boundary conditions at the initial time ti are specified by the
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A toy model. Many aspects of the SKEFT can be captured by a simple model of a

harmonic oscillator X coupled to an environment modeled by a set of harmonic oscillators

– 4 –

Global symmetry in the SK formalism (1/2)

In the SK formalism, path-integral variables are doubled.

Accordingly, notion of symmetry is also doubled!

ex. Action of non-dissipative systems: 

 - There is no mixing between the 1, 2 sector.

 - If the action  enjoys a symmetry ,

   the SK action enjoys the doubled symmetry .

 - However, boundary conditions at    break it into a diagonal one.

SSK[χ1, χ2] = S[χ1] − S[χ2]

S[χ] G

G1 × G2

t = tf
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Global symmetry in the SK formalism (2/2)

In the presence of noise & dissipation,  and  are mixed.

Schematically, .

※ The doubled symmetry  is broken into a diagonal one .

physical intuition

- The diagonal symmetry is associated with the conservation law

  of the total current including the environment sector current.

- The doubled symmetry  is associated with conservation

                                                            of the system sector current.

χ1 χ2

SSK[χ1, χ2] = S[χ1] − S[χ2] + Sdiss[χ1, χ2]

G1 × G2 G

G1 × G2



ex. Dissipative scalar

Recall the effective action for a dissipative scalar:

 

                       

- Doubled time-translation:  ( ).

- The effective action respects diagonal time-translation ,

   reflecting the energy conservation of the total system.

- Off-diagonal time-translation  is broken by the second line,

  due to the mixing of ,  that describe noise and dissipation.

Seff = ∫ d4x[( −
1
2

(∂μϕ1)2 − V(ϕ1)) − (−
1
2

(∂μϕ2)2 − V(ϕ2))

−
1
2

γ (ϕ1
·ϕ2 − ·ϕ1ϕ2) +

i
2

A(ϕ1 − ϕ2)2 ]
ϕi → ϕ′￼i(t, x) = ϕi(t + ϵi, x) i = 1,2

ϵ1 = ϵ2

ϵ1 ≠ ϵ2

ϕ1 ϕ2



1) Global symmetry in SK formalism

2) Diffeomorphism symmetry

3) A proposal for the effective action
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Diffeomorphism symmetry

Diffeomorphism symmetry is a local symmetry!

- Doubled diffeomorphism symmetries:

  ,     ( ).

- The boundary conditions at    break ,

  but for a generic time  in the bulk,   is unbroken.

→ The bulk effective action has to respect the doubled diffs!

δϕi = ϵμ
i ∂μϕ1 δgi,μν = ∇μϵiν + ∇νϵiμ i = 1,2

t = tf ϵ1(tf , x) ≠ ϵ2(tf , x)

t ϵ1(t, x) ≠ ϵ2(t, x)



Dissipative scalar revisited

# Recall that the Lagrangian of the dissipative scalar contains

    local terms like    that mix the 1, 2 sectors,

    which are an obstruction to realizing off-diagonal diffs 

    at least within the derivative expansion.

# A plausible way to recover the off-diagonal diffs.

   is to introduce the Nambu-Goldstone bosons  (Stuckelberg trick)

   which nonlinearly transform under doubled diffs: .

ϕ1(x) ϕ2(x)

ϵμ
1 ≠ ϵμ

2

Xμ
i

δXμ
i = − ϵμ

i

General lesson

Nambu-Goldstone bosons  for doubled diffs are necessary

to make local dissipation / noise compatible with dynamical gravity.

Xμ
i



Two illustrative examples for NG bosons Xμ

- Worldline EFT (ex. dissipative tidal response)

- Hydro EFT (a model of the environment bath)



Two illustrative examples for NG bosons Xμ

- Worldline EFT (ex. dissipative tidal response)

- Hydro EFT (a model of the environment bath)



Worldline EFT

# Point-particle action

t

x

Xμ(s)
S = − m∫ ds −gμν(X)

dXμ

ds
dXν

ds
= − m∫ dτ

-  are spacetime coordinates of the point particle

-  nonlinearly realize the diffeomorphism symmetry!

Xμ(s)

Xμ(s)

(  : proper time)τ



Worldline EFT

# Point-particle action

t

x

Xμ(s)
S = − m∫ ds −gμν(X)

dXμ

ds
dXν

ds
= − m∫ dτ

-  are spacetime coordinates of the point particle

-  nonlinearly realize the diffeomorphism symmetry!

Xμ(s)

Xμ(s)

(  : proper time)τ

- Finite-size effects are captured by higher order corrections.

- The leading order corrections gives the static tidal Love number.

# Worldline effective action

S = − m∫ dτ [1 + λE2
μν + ⋯] (Eμν := Cμανβ uαuβ , uμ :=

dXμ

dτ )



Worldline Schwinger-Keldysh EFT
[in progress w / Ishikawa, Yoshimura]

Covariant time-derivative:

 DVμ

Dτ
=

dVμ

dτ
+ Γμ

νρuνVρ = uν ∇νVμ

# Point-particle action in the SK formalism

-  term reproduces geodesic eq. .𝒪(Xa)
DXμ

Dτ
= 0

-  term gives a source of Einstein eq.𝒪(gaμν)

Spp =
m
2 ∫ dτ [uμuνgaμν − 2

Duμ

Dτ
Xaμ] + 𝒪(a3)



Worldline Schwinger-Keldysh EFT
[in progress w / Ishikawa, Yoshimura]

Covariant time-derivative:

 DVμ

Dτ
=

dVμ

dτ
+ Γμ

νρuνVρ = uν ∇νVμ

# Point-particle action in the SK formalism

-  term reproduces geodesic eq. .𝒪(Xa)
DXμ

Dτ
= 0

-  term gives a source of Einstein eq.𝒪(gaμν)

-  nonlinearly realizes the off-diagonal diffs.Xμ
a

Spp =
m
2 ∫ dτ uμuν[ gaμν + ∇μXaν + ∇ν Xaμ ]+𝒪(a3)



Worldline Schwinger-Keldysh EFT
[in progress w / Ishikawa, Yoshimura]

Covariant time-derivative:

 DVμ

Dτ
=

dVμ

dτ
+ Γμ

νρuνVρ = uν ∇νVμ

# Point-particle action in the SK formalism

-  term reproduces geodesic eq. .𝒪(Xa)
DXμ

Dτ
= 0

-  term gives a source of Einstein eq.𝒪(gaμν)

-  nonlinearly realizes the off-diagonal diffs.Xμ
a

Spp =
m
2 ∫ dτ uμuν[ gaμν + ∇μXaν + ∇ν Xaμ ]+𝒪(a3)

# Worldline SKEFT

S =
m
2 ∫ dτ uμuν [gaμν + ∇μXaν + ∇ν Xaμ] [1 + λ̃ E2

μν + ν̃ Eμν
DEμν

Dτ
+…] + 𝒪(a2)

- Dissipative tidal effects can appropriately be incorporated.

- Noise effects are also captured by  terms.

- Coupling to elemag fields can be introduced in a similar fashion.

𝒪(a2)

Complementary to existing approaches? Phenomenological application?



Two illustrative examples for NG bosons Xμ

- Worldline EFT (ex. dissipative tidal response)

- Hydro EFT (a model of the environment bath)



HydroEFT (1/2)

Dynamical variables in EFT of dissipative hydrodynamics are

spacetime coordinates  of the fluid element.

※  : fluid time,  : label of the fluid elements

※ The SK formalism uses a pair of NG bosons .

Xμ(σ0, σi)

σ0 σi

Xμ
i (σ0, σi)

25

FIG. 4. Relations between the fluid spacetime and two copies of physical spacetimes. The red straight line in the
fluid spacetime with constant �

i is mapped by X
µ
1,2(�

0
,�

i) to physical spacetime trajectories (also in red) of the
corresponding fluid element.

we have to impose additional symmetries. In a fluid
phase, a fluid element can move freely. To reflect
this we require that I should be invariant under:

1. time-independent reparameterizations of spa-
tial manifolds of �A, i.e.

�i
! �0i(�i), �0

! �0 ; (6.13)

2. time-di↵eomorphisms of �0, i.e.

�0
! �00 = f(�0,�i), �i

! �i . (6.14)

Equation (6.13) corresponds to a (time-independent)
relabeling of fluid elements, while (6.14) can be inter-
preted as reparameterizations of the internal time as-
sociated with each fluid element. Note that in (6.14)
we allow time reparameterizations to have arbitrary
dependence on �i, which physically can be inter-
preted as each fluid element having its own choice
of time. These symmetries “define” what we mean
by a fluid. Note that there is no covariance be-
tween �0 and �i as the fluid itself “defines” a frame.
Two copies of physical space-time, together with an
auxiliary, fluid space-time (which was called world-
volume), and similar di↵eomorphisms were also dis-
cussed in [94].

Given that the theory should be invariant under
separate spatial and time di↵eomorphisms (6.13)–
(6.14), it is convenient to decompose h1,2 into ob-

jects which have good transformation properties un-
der them

hsABd�
Ad�B = �b2

s
(d�0

� vsid�
i)2 + asijd�

id�j ,
(6.15)

with s = 1, 2. Again symmetric combinations of var-
ious components represent physical variables, while
the antisymmetric combinations are interpreted as
the corresponding noises. For example, introducing

Er =
1

2
(b1 + b2) , Ea = log

�
b�1
2 b1

�
(6.16)

we may interpret d�̂ = Erd�0 as the local proper
time for each fluid element.

From (6.11) the local temperature (associated
with �0) for each fluid element can then be written
as

Tlocal(�) = T (�)Er = T0Ere
�⌧ . (6.17)

Note that one could use the time di↵eomor-
phism (6.14) to fix

Er = e⌧ (6.18)

for which we have

Tlocal(�) = T0 = const . (6.19)

Physically this means that by properly choosing the
fluid time �0 can make the local temperature asso-
ciated with each fluid element to be a constant. In

[Fig: Glorioso-Liu ’18]

※ See, e.g., [Glorioso-Liu ’18] for recent developments on HydroEFT.



HydroEFT (2/2)

 ※  is a covariantized noise metric.

 ※ EOM of  guarantees conservation of the stress tensor .

 ※  and   are constructed from  systematically,

     based on the symmetry of fluid spacetime [see, e.g., Glorioso-Liu ’18 for details].

Shydro = ∫ d4x −g [ 1
2

T (hydro)
μν 𝒢μν

a +
i
4

Wμνρσ𝒢μν
a 𝒢ρσ

a ]
𝒢aμν = gaμν + ∇μXaν + ∇ν Xaμ

Xμ
a T (hydro)

μν

T (hydro)
μν Wμνρσ Xμ

# Schematic form of  the SK action for dissipative fluids
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# A concrete form of the stress tensor

. 

※  : four-velocity of the fluid element.

※  : induced metric,  : extrinsic curvature.

※  are functions of local inverse temperature .

T (hydro)
μν = ρ0 uμuν + p0 Δμν − 2η (Kμν−

1
3 ΔμνK) − ζΔμνK

uμ ∝ dXμ

dσ0

Δμν = gμν + uμuν Kμν = Δμ
ρ ∇ρuν

ρ0, p0, η, ζ β



1) Global symmetry in SK formalism

2) Diffeomorphism symmetry

3) A proposal for the effective action



Gravitational EFT for open systems

non-grav coupling
System ϕ Environment Xμ

Gravity gμν

T(e)
μν δgμνT(s)

μν δgμν

Minimal ingredients of the SKEFT :

 - The system dof of interests (ex. Dissipative scalar )

 - Dynamical metric  for gravity

 - Stuckelberg fields  that nonlinearly realize doubled diffs,

    which are identified with slow modes of the environment.

EFT is constructed based on nonlinearly realized doubled diffs

and consistency requirements of microscopic unitarity etc.

ϕ

gμν

Xμ



ex. Dissipative scalar coupled to gravity & hydro

The effective action is schematically given by .

-  is a covariantized action for a dissipative scalar:

 

 ※  is a doubled diffs invariant combination.

 ※ Doubled diffs require interactions between system & environment.

-  is for gravity and the environment sector:

 ※  is a covariantized noise metric.

 ※ EOM of  guarantees conservation of the total stress tensor.

Seff = Sϕ + Sgrav, env

Sϕ

Sϕ = ∫ d4x −g[ − (− □ ϕ + γuμ∂μϕ + V′￼(ϕ)) Φa +
i
2

AΦ2
a ]

Φa = ϕa + Xμ
a ∂μϕ

Sgrav, env

Sgrav, env = ∫ d4x −g [ 1
2 (−M2

PlGμν + T (ϕ)
μν + T (hydro)

μν ) 𝒢μν
a +

i
4

Wμνρσ𝒢μν
a 𝒢ρσ

a ]
𝒢aμν = gaμν + ∇μXaν + ∇ν Xaμ

Xμ
a

※ Higher orders in a-variables are dropped for simplicity.
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※ Higher orders in a-variables are dropped for simplicity.



Possible application to warm / dissipative inflation
[in progress w / Nishii, Sano]



Warm / dissipative inflation

Warm / dissipative inflation

- Inflaton eom has a local dissipative term, ,

  which can be used to slow the rolling inflaton.

- In order to induce a local dissipation term,

  we typically need a large number of dof or strong dynamics in environment,

  which is an obstruction to model building / pheno of this class of models.

- Our EFT offers a self-consistent framework that describes dissipative inflaton,

  gravity as well as slow modes of the environment sector.

··ϕ + (3H+γ) ·ϕ + V′￼(ϕ) = 0

Q. How large is backreaction from environment bath to inflaton fluctuations?



Comments on decoupling regime

System δϕ Environment δX

kinetic term of :δX
∼ (ρ + p)env (∂ δX)2

linear mixing

∼ γ
·̄

ϕ ∂δϕ δX

# amplitude of mixing coupling 

- If the environment “kinetic energy” is much larger than the inflaton one,

  slow modes   in the environment do not affect dynamics of .

  ※ Backreaction is negligible if the environment bath is large enough.

- In this regime, however, the main source of background “kinetic energy”

  is the environment, so we need to be careful about  vs  etc.

∼
γ
H

·̄
ϕ

2
/ (ρ + p)env

δX δϕ

ζ δϕ

※ More quantitative analysis is in progress.



Summary and prospects



Summary

- In the Schwinger-Keldysh EFT, path-integral variables and accordingly

  would-be symmetries are doubled.

- To couple open systems with a local dissipation / noise term to gravity,

   it is necessary to introduce Stuckelberg fields for doubled diffs.

- It is convenient to use HydroEFT to model stress tensor of environment,

   to which energy of the system escapes.

- Under an appropriate scaling assumption, fluctuations in the environment

  and gravity are negligible, recovering the standard open system EFT.



Prospects

- Our preliminary analysis suggests that a careful analysis on backreaction

   from the environment bath is required for warm / dissipative inflation.

   It is important to revisit cosmological perturbations based on our EFT.

- In the context of Black Hole & Gravitational Waves, there are recent active

  interactions between GR and hep-th (amplitude & EFT) communities. 

  To incorporate irreversible process related to the BH horizon,

  the SKEFT with gravity will play an important role.

Probably, there are more applications of open EFT for cosmology & gravity!
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Thank you!


