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Introduction



Open systems 1n nature

open system: a system coupled to surrounding environment

% Energy, charge, information etc are exchanged with environment.
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Our systems are always surrounded by an environment!



Why open systems in cosmology? (1/2)

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

<~ > _ ~ >

superhorizon subhorizon

If we focus on dynamics of superhorizon / subhorizon modes,

subhorizon / superhorizon modes are 1dentified with environment.

Case 2: Decoherence & residual coherence of primordial fluctuations

accelerated expansion

. . driven by dark energy
Cosmic Inflation:

accelerated expansion of the early universe
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(14 billions yrs)

past ﬁ now

Entanglement between subsystems 1s useful to quantify quantumness.



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: ¢ + 3H4+7)¢ + V'(¢) = 0.
- Dissipation slows the rolling inflaton

cf. quantum gravity corrections vs flatness of potential

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 1n open systems [Hongo-Kim-TN-Ota ’19].
Also, more recently,

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

and several related works 1n 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 ¢ —— environment

Consider a dissipative scalar ¢ coupled to a white noise &:

¢+ v + Vi(g) =& with {&x)ERX)) =A8D(x - x).

% A = 2yT holds for a thermal bath of temperature 7.

The Schwinger-Keldysh formalism 1s 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)

Im ¢

A

t=t, t =ty

Re t

Po >

A fundamental quantity 1s the closed-time-path generating functional

WlJp.Jy] defined by ™12l = Ty [Uh(ri, 1) o Uy, (4 rl-f]'

- pPo - 1nitial density matrix of the tull sector

- Uy(#, 1,): (unitary) time-evolution operator w/source J

X Two types of sources J;, J, are introduced.




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

Im ¢

A

t=t, t =ty

Re t

Po >

The corresponding path-integral expression reads
eWihl — {chl D®, exp (iS[®;J,] — iS[D,; ],]).
- Two sets of (®, J) are introduced.

- Boundary conditions at # = #; : CIDI(tf) = CI>2(tf)

- Boundary conditions at r = ¢; 1s determined by

the 1nitial density matrix p.




Schwinger-Keldysh EFT of the system sector



SKEFT of the system sector (1/3)

system ¢ C—— environment X

# Suppose that the unitary time-evolution of the full sector 1s described

by the action S[¢, £], where 2 denotes environment dof collectively.

# The SK effective action S ¢, P,] of ¢ is given by integrating X out:
JD¢1 D¢, exp iSegl gy, ¢ = [D¢1 D¢$,Dx DX, exp (i5[¢1» 2] — iS¢y, 22])-

% Generically, S.4[¢;, @,] is not separable into the ¢, sector and the ¢, sector.

1
cf. Lindblad equation: p = — i[H, p] + 2 <L,pL;f — E{LIT L,,p})
Il



SKEFT of the system sector (2/3)

For example, the Langevin dynamics is described by

1 |
Sur = Jd“x[( — SO = V() = (= 50,07 ~ Vi)
1 , , ]
57 <¢1¢2 ~ ¢1¢2> T %A(Cbl — q§2)2]

- The first line 1s for non-dissipative dynamics.
- The second line is for dissipation and noise, which mix ¢; and ¢,.

- The coeftficient of the noise term 1s pure 1maginary.



SKEFT of the system sector (3/3)

For intuitive understanding, it 1s convenient to use the SK basis:

it
==

¢ ¢a=¢l_¢2'

In this language, the effective action reads

Sr = Jd“x[ - (-Ob+1d+VD) by + 5482 + 0|

- The effective action vanishes if we set ¢, = 0,1.e., ¢; = ¢».
- The first term gives the eom w/o the noise.

- The second term capture the noise dynamics.

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 C—— Environment

T(S) 5% A) 5g/w

Gravity

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



Global symmetry in the SK formalism (1/2)

AImt

t=t, t =ty

po >

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

Accordingly, notion of symmetry is also doubled!

ex. Action of non-dissipative systems: Sqgr| ¥, Y21 = Sly1]l — SLysl
- There 1s no mixing between the 1, 2 sector.

- If the action S| y] enjoys a symmetry G,
the SK action enjoys the doubled symmetry G; X Gs,.

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




Global symmetry in the SK formalism (2/2)

AImt

t=t, t =ty

po >

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

Schematically, Sexly1, o] = Syl — SLol + SgiLx1 101

% The doubled symmetry G; X G, is broken into a diagonal one G.

physical intuition

- The diagonal symmetry 1s associated with the conservation law

of the total current including the environment sector current.

- The doubled symmetry G; X G, is associated with conservation

of the system sector current.




ex. Dissipative scalar

Recall the effective action for a dissipative scalar:

| |
Sur = [d4x[( - @b = V() = (= 50,07 ~ Vi)
| , : '
—57’ <¢1¢2 — ¢1¢2> + éA(¢1 - 452)2]

- Doubled time-translation: ¢; = ¢/(t,x) = ¢t + €,,x) (i = 1,2).

- 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.



1) Global symmetry in SK formalism
2) Diffeomorphism symmetry

3) A proposal for the effective action



Diffeomorphism symmetry

AImt

Diffeomorphism symmetry is a local symmetry!

- Doubled diffeomorphism symmetries:

- The boundary conditions at 7 = 7, break el(tf, X) #+ ez(tf, X),

but for a generic time 7 in the bulk, €,(¢,x) # €,(%, x) is unbroken.

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




Dissipative scalar revisited

# Recall that the Lagrangian of the dissipative scalar contains
local terms like ¢(x) ¢,(x) that mix the 1,2 sectors,

which are an obstruction to realizing off-diagonal diffs 6{’ * eg

at least within the derivative expansion.

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

1s to introduce the Nambu-Goldstone bosons Xl.” (Stuckelberg trick)

which nonlinearly transform under doubled diffs: 6X! = — €.

General lesson

Nambu-Goldstone bosons Xl.“ for doubled diffs are necessary

to make local dissipation / noise compatible with dynamical gravity.




Two illustrative examples for NG bosons X*

- Worldline EFT (ex. dissipative tidal response)

- Hydro EFT (a model of the environment bath)



Two illustrative examples for NG bosons X*

- Worldline EFT (ex. dissipative tidal response)

- Hydro EFT (a model of the environment bath)



Worldline EFT

# Point-particle action

S [d \/ (X)dXﬂ ax” Jd ( time)
= —m|ds+/— = —m | dr (7 :proper time
, X*(s) Suv ds ds PIop

L, X - X#(s) are spacetime coordinates of the point particle

- X#(s) nonlinearly realize the diffeomorphism symmetry!



Worldline EFT

# Point-particle action

dx# dx* .
S=-— m[ds\/ 8,,(X) = — der (T : proper time)
X*(s)

ds ds

L, X - X#(s) are spacetime coordinates of the point particle

- X#(s) nonlinearly realize the diffeomorphism symmetry!

# Worldline effective action

YH
S=—de¢[l+ﬂEiy+---] <E = Cpplt ayb u”:zd—>

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

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



Worldline Schwinger-Keldysh EFT

[in progress w / Ishikawa, Yoshimura]
# Point-particle action in the SK formalism

m H

S Jd[”” 225 |+ 0@
=—|dr |u"u“g,, — a
PP auv ap . . . .
2 D1 Covariant time-derivative:
: DX* DVH  dVH
- O(X,) term reproduces geodesic eq. = 0. - 4 rﬁytpuvvp = u’V V¥

Dz Dt dr
- 0(g,,,) term gives a source of Einstein eq.




Worldline Schwinger-Keldysh EFT

[in progress w / Ishikawa, Yoshimura]
# Point-particle action in the SK formalism

m
3
Spp = E[dr u”u”[gaﬂy +V, X, +V, X, |+0@) - ..
Covariant time-derivative:
- DX” DV#  dVH
- O(X,) term reproduces geodesic eq. = 0. = A TH VP = 4tV VA
Dz Dt dr r Y

- 0(g,,,) term gives a source of Einstein eq.

- X nonlinearly realizes the off-diagonal diffs.



Worldline Schwinger-Keldysh EFT

[in progress w / Ishikawa, Yoshimura]
# Point-particle action in the SK formalism

m
3
Spp = B} [dr u’“‘u”[gaw +V, X, +V, X, [+0@@) - ..
Covariant time-derivative:
- DX¥ DVE  dVH
- O(X,) term reproduces geodesic eq. = 0. = A TH VP = yt!v VH
Dz Dt dr r Y

- 0(g,,,) term gives a source of Einstein eq.

- X nonlinearly realizes the off-diagonal diffs.

# Worldline SKEFT
L P 1+ TE2 & 7 E" 2
S = 5 T utu [gaﬂy +V, X, + VUXCW] +AE,+VE, Do +...| + O0(a”)

- Dissipative tidal effects can appropriately be incorporated.

- Noise effects are also captured by O(a?) terms.

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

Complementary to existing approaches? Phenomenological application?



Two illustrative examples for NG bosons X*

- Worldline EFT (ex. dissipative tidal response)

- Hydro EFT (a model of the environment bath)



HydroEFT (1/2)

Physical spacetime, Fluid spacetime Physical spacetime,
N

\ |
RN X{' (0, 0%
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\
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[Fig: Glorioso-Liu 18]

Dynamical variables in EFT of dissipative hydrodynamics are

spacetime coordinates X*(6Y, 6) of the fluid element.

% o : fluid time, o' : label of the fluid elements

% The SK formalism uses a pair of NG bosons Xl.”(ao, o).

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



HydroEFT (2/2)

# Schematic form of the SK action for dissipative fluids

uvpe~ a

Shydro = Jd“x, /—g [ TG 4 — y Lw Crvgro

X G = 8aw + V, X, + V,X,, 1s a covariantized noise metric.

% EOM of X! guarantees conservation of the stress tensor T(hydro).

T(hydro) and W, . are constructed from X* systematically,

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



HydroEFT (2/2)

# Schematic form of the SK action for dissipative fluids

1 r v l U ppo
Shydro — Jd4x\/ —8 [ET/EBYd O)?Z + ZW/WPG?Z ?Z

X G = 8aw + V, X, + V,X,, 1s a covariantized noise metric.

% EOM of X!’ guarantees conservation of the stress tensor Tﬁydm).

¥ Tﬁydm) and W, are constructed from X* systematically,

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

# A concrete form of the stress tensor

1
T//(;ydm) = PoU,U, + Do A/,u/ _ 27/] (K/,ty_EAuvK> _ Z.:AMUK'

z . :
Xyt % : four-velocity of the fluid element.
o

... - . . . _ p . . .
XA, =g, +uu,:induced metric, K,, = A 'V u,: extrinsic curvature.

% po» Po- 1, ¢ are functions of local inverse temperature /.



1) Global symmetry in SK formalism
2) Diffeomorphism symmetry

3) A proposal for the effective action



Gravitational EFT for open systems

non-grav coupling

7o) 5% A/(:) ) 5

Gravity g,

Minimal ingredients of the SKEFT :
- The system dof of interests (ex. Dissipative scalar ¢)

- Dynamical metric g, for gravity

- Stuckelberg fields X* that nonlinearly realize doubled diffs,

which are 1dentified with slow modes of the environment.

EFT is constructed based on nonlinearly realized doubled diffs

and consistency requirements of microscopic unitarity etc.




ex. Dissipative scalar coupled to gravity & hydro

The effective action is schematically given by S.¢ = S, + 5

grav,env-

- 5, 1s a covariantized action for a dissipative scalar:

S, = Jd“x\/fg [ _ (—

b+ yutd, + V’(¢)) D, + éACDZ]

%O, = ¢, + X}0,¢ is a doubled diffs invariant combination.

% Doubled diffs require interactions between system & environment.

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



ex. Dissipative scalar coupled to gravity & hydro

The effective action is schematically given by S.¢ = S, + 5

grav,env’

- 5, 1s a covariantized action for a dissipative scalar:

Sy = Jd“x\/Tg [ - (— ¢ +yu'o, + V’(¢)) Dy + éACPZ]

%O, = ¢, + X}0,¢ is a doubled diffs invariant combination.

% Doubled diffs require interactions between system & environment.

- Sgray, eny 18 fOr gravity and the environment sector:
1 l
— 4 2 hyd
Sgrav, env — [d x\/ —§ [5 <_MP1G/41/ T T/%) + T,L(tl/y r0)> ?ZU + ZWﬂypaggy?ZG
XG 0w = 8w+ V, X, +V,X,, is acovariantized noise metric.

% EOM of X¥ guarantees conservation of the total stress tensor.

% 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, ¢ + 3H+7)¢ + V'(¢h) = 0,

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 1s 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.

Q. How large 1s backreaction from environment bath to inflaton fluctuations?



Comments on decoupling regime

e Environment 6X

linear mixing
~ }’Qz 00¢) 0X kinetic term of 6X:
~ (P 4 D)eny (06X)?

-2
# amplitude of mixing coupling ~ % \/ ¢ / (P + Deny

- If the environment “kinetic energy” i1s much larger than the inflaton one,
slow modes 6X 1n the environment do not affect dynamics of 6¢.

% Backreaction 1s negligible if the environment bath 1s large enough.

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

1s the environment, so we need to be careful about { vs d¢ etc.

% More quantitative analysis 1s 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 1s necessary to introduce Stuckelberg fields for doubled diffs.

- It 1s 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 1s 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!




Prospects

- Our preliminary analysis suggests that a careful analysis on backreaction
from the environment bath is required for warm / dissipative inflation.

It 1s 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!

Thank you.’



