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Motivation

* Many realistic systems are open, meaning that they interact with the
surrounding environment.

> |n gauge theory, an example is quarkonium in a quark-gluon plasma.

* Consistency with gauge symmetry in an open system is nontrivial.
> Non-locality generally appears.

* | will present a bottom-up construction in Schwinger-Keldysh EFT.
(The previous talk presented a top-down construction.)
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Setup: Schwinger-Keldysh EFT

—

— [ DALDX. p[Ar, Xilexp (iS[As, Xo] —iS[A_, X_| + ilip[As, X
/ + P X4 polAs, Xi]exp (1S[AL, X 4| [ | +ilip[Ax i])"ileﬂ?[A:I:;X:I:]

— /,@Ai polAs]exp (IS[AL] —iS[A_] + il1rp[A4])

* Thefirst line is the full SK action; Y; (i = 1, ..., n) denotes matter fields of the
many-body system.

* Inthe s , the microscopic degrees of freedom are integrated out.
At a suitable EFT scale, the long-wavelength modes, that survive coarse-
graining, remain as X.

* Inthe , X I1s also integrated out; if long-wavelength modes are
relevant, nonlocal terms appear.



Setup: Assumptions

* Focus on the semiclassical regime.
> Higher-order terms in a-variables are ignored.

* Consider a bottom-up construction, not a top-down ([Kaplanek-Mylova-Tolley
2604.26941] and the previous talk).

* Consider the non-Abelian gauge field A, € su(N).

* Consider the color-charge dissipation, not the energy dissipation ([Lau-KN-Noumi
2412.21136]).

* Below the cutoff scale Aggr, the gauge field and the long-wavelength modes
exist.



Doubled gauge fields and r-a basis

* The gauge field is doubled in the SK formalism

1
1 A, =—-(A A_
A:I:pJ _ A'r'p i §Aa,u | M 31( —Hi; M)
ap = A4p — A—p

and the gauge transformation Uy, € SU(N) is

Aj:u —> Aii = UiAiuU:El — éUié)ngl

* Under a diagonal transformation, U, = U_ = U,,

Apy s AU = UL A, Ut — éUraﬂU,ﬁl o Awu o UpAg U



Non-diagonal gauge transformation

* The non-diagonal part can be parametrized as
Ui =U,exp (:l:%oaa) : g € su(N)

which leads to
U—'U, = exp(iag)

* Under the non-diagonal transformation (X = X + 0,X), the a-type
variations 6, are given by
i

0a Ay = —Z[AW,%] = 0(a?),

1
0gAay = _éD“ Arlag , D,Al =0, +igA,



Why a naive Ohmic term fails: Naive lesson

* As a naive dissipative model for the Yang-Mills theory, consider

IYM,Ohm = Zfdda: Tr Aa,u (DV [AT]F,:M — JShm) -+ O(CLQ)
= (0 isthe EoM

X op: color conductivity
F, =0,A, —0,A, +ig[A,, A JE,,., = onEF = opu, FIY

ut: time-like vector

* The action is invariant under diagonal gauge transformations, but
non-diagonal gauge invariance requires

D, [A )50, =0

This implies that there is no sink for dissipation-driven outflow, and
that the Ohmic term represents only apparent dissipation.



Why it failed: intuition

* Gauge constraints involve the total color charge.

> A system-only friction term cannot represent an untracked sink of
color charge.

> The environmental DoFs are needed to capture the total color charge.

* Additional DoFs are required if we want to construct a bottom-up EFT
using only local terms.

* |If the environmental slow mode is integrated out, the gauge-only
theory includes generally nonlocal and non-Markov terms.



How to construct the environment

* We need a time-like vector u* from the environmental sector to specify the
direction of dissipation.

* HydroEFT is a good candidate of the environment for a dissipative gauge-
Invariant theory. [Glorioso-Liu 1805.09331][Lau-KN-Noumi 2412.21136]

> The Stuckelberg field restores the a-type gauge covariance, but it does not
by itself provide dissipation.

> Make the Stuckelberg field dynamical as the environment.

* The environmental current can carry and store the color charge.

> The result is a Markovian embedding rather than a genuinely non-
Markovian theory.



Our setup
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Gauge-covariant environmental color frame

* A naive dissipative term violates the a-type gauge symmetry.
> Compensate using the Stuckelberg trick.

* Introduce a color frame hy(x) € SU(N) which transforms as
hy — Uihy
We can dress the gauge field using the Stuckelberg field h as
Ag, =hi'Ay by — éh;auhi

* This is trivially gauge-invariant.



Stuckelberg field in the r-a basis

* r-a fields can be constructed in the same way as in the previous
slides

h4 = h, exp (ﬂ:%ﬂ'a) ~ h, (1 + %WQ> : Ta €0,
h_'h, = exp(img)

* Under the diagonal gauge transformation,

h, — U,h, Mg = Ta

* The a-type gauge transformations are

Sahyr = O(a?), 6aTa = b Tagh, + O(a?).



Dressed fields in the r-a basis

* Gauge-invariant r-a dressed fields can be constructed as

1
Arp = §(A+u +A_) = h;lAwh?" B éhvjlaﬂh?‘ +0(a”),

1
Agy = A, — A, =h 1Ay by + gD“ (A7, + O(a?)

and the dressed field strength and the covariant derivative are

-Fr,ur/ = auAfru — avAru + ig[A'r'ua Arr/] — hr,:lFfr‘w/hT 9
DA =0, +igA,, = h 'D,[A.]h,,

* These are trivially gauge-invariant.



Gauge-invariant SK effctive action

* The gauge-invariant SK-YM effective action is
vy = 2/dda: Tr A, (D,,[Ar]}f“ — jghm) + O(aQ)

= Q/ddaz' Tr A, (D,,[AT]FT”“ — Jghm) TJH = h tJ"h,,
2

-2 [ e T DA (DAIFY - T5,,) + Oa?

* This is not yet dissipative.

> The non-dynamical color frame does not by itself carry the exchanged
color charge. A dynamical environmental current sector is still required.



Environmental color current

* Nalvely, the environmental color currentis given by

jff“ — Xhﬂh'wu + op, JuV]-"T{W _ TAﬁVDy[Ar] %)} +oee

T m
jﬂuid jYM,fric

I’Lh — ulJ’Ar“ — uI-L (hrr_-lArr-‘thrp o ih—lauhr) AZV — nl“/ _I_ fU;MuV

T

g

Upn: chemical potential yj: color susceptibility T: localtemperature

* The first term describes color-charge storage. The remaining terms
form the dissipative electrochemical response.

> Dynamical KMS symmetry fixes the associated local noise kernel.



Local system-environment SK action

* The gauge-invariant SK effective action is

Iy M fAuid = Qfddﬂf Tr Aap (DU A FH = T))

+ i/dd;r: Tr AW(:U)N;;:{OC(:B; Ap,u, T)Agy () + Inydro,env|t, T 4 -+ - .
Ward identity : D[ A Tyn ric = —PulArl Tauia
* The noise term is fixed by dynamical KMS invariance, and SK

unitarity requires positivity.

N;;TOCZQTO'}LAZJV—F“', O'h>0

* Matter fields (fermions and bosons) can be added (see our paper).



Summary and limitations

* We gave a bottom-up and gauge-consistent recipe for an open-system EFT.
> Introducing the environment is important.

* Our primary construction is an enlarged local EFT of the gauge sector
(Markovian embedding) and retained environmental sector. The gauge-only
open EFT is its reduced description. Depends on the meaning of “open”.

 Afluid environmentis natural in EFT but not essential. The construction is
sufficient, but necessary-and-sufficient conditions remain open.

* The construction is semiclassical and sufficient only; it does not establish
consistency with a quantum open-system description (see [Kaplanek-Mylova-Tolley
2512.17089, 2604.26941)).



Future directions

* BRST-completion matching

* Analyze a certain phenomenon
>0Open EFT of quarkonium in QGP including non-Markovian effects

* Dissipation with anomaly

* Dissipative lattice construction with the color-frame h,. € SU(N).

* Dissipative charged black hole



Backup slides



Relation to the previous talk

Previous: top-down [Kaplanek-Mylova-
Tolley 2026]

e Start from a gauge-fixed
quantum SK path integral

* Treat physical initial states and
finite-time boundaries carefully

* Integrate out charged matter or
hard gauge modes

e Derive BRST constraints on the
reduced influence functional

This talk: bottom-up

e Work in the semiclassical r-a
expansion

e Retain slow environmental color
response explicitly

* Introduce a color frame and a
charge-carrying current sector

* Construct a local gauge-invariant
system-environment EFT with
dissipation and noise

The previous talk constrains the reduced influence functional; this talk constructs an
enlarged local theory that can dynamically generate such a response.



Gravitational SKEFT

e A diffeo-invariant action is

1 v
Inaive — /ddﬂj —Jr [5 (_MI%Giw + T;T ) gaﬂy + (ng?" o Wéuﬁaﬂgbr o V!(qb’r)) Pa + O(QQ) ?

ga,,uy = Gapv — V,U,Xm/ — VyXa,,u — Yapr — "EXagT'[_LIJ .
Pa = Qba, - X&Laﬂ%- — qba — £Xa¢’r )

It is completed by adding the hydro sector T%,, (X,)



Full SKEFT

* A diffeo- and gauge-invariant full action is

1 y
Ih finia = 5 /ddx Té:w(u, T,.. .)gu#y — Q/ddmﬁﬁaﬁjfiﬂuid(,ﬁlﬁ h, U, T)
+ I/ddﬁf Tr Aa#(m)NﬁToc(m; -A?‘p u, T)Aau(ﬂg) + Ihydro,,KMS[Hg T:. ga] + .-

where
Aa,u = Aa,u - DEXQ_ Afr‘pz



Integration of environmental variables

* The EOM is
DA (T + Tia) =0
where
Thfuia = Xnknt! + o),
v Hh
L= =TAMDAL () wBh=0,  gr v,

* |t can be solved formally as
ﬁh — ["Eh]ret P'J[A ] [‘7..‘::;& + Uhg#]
Zlhph = 'DJUJ[A | {Xhﬂh’wu — o, TAYD,A,] (ﬁ?)}

This causes nonlocality.



Fermionic SKEFT

* A gauge-invariant action with a fermionis

%

Too == [ %o [0 (PLA]+m) 0 + 8, (~PLA]+m) 0] -2 [ aaTr o, T
Ih'gb — = / ddx (jaM?,b[Ara h’r]wfr + Sﬁer:A[Aru h’r]wa)

where
Myl Ar, he]l = =y (un, T, .. )tk + O(D[A,], Fr)

Mya = —’YUML’YO
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