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Motivation

“Holographic perspectives on chiral transport and spin dynamics”
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Q. What is the hydro description for approximate symmetry!?
A. Quasi-hydrodynamic egs. (& potential holographic outlook)!



Recap: Hydro regime and Hydro+ regime

[Slide by M. Stephanov in the last workshop]

Two regimes
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Hydrodynamic regime: w < T, T. A |l A
Breaks down when w ~ T';. =

Hierarchy I'y < I' creates another regime Lo 1= b e
<
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for an effective theory with additional %ﬁ I, -
degree(s) of freedom, a.k.a. Hydro+ S

(Hydro+ description is also valid
In hydrodynamic regime, of course.) oL oL

Unlike hydro variables these additional d.o.f. are not diffusive,
.e., they relax locally. But very slowly.

® E.g., Israel-Stewart hydrodynamics is not a Hydro+ theory
unless the rate 1/ is parametrically/controllably small.
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Hydro+ regime from approximate symmetry

¢ Hydro, Quasi-hydro, and Non-hydro modes in generic interacting QFTs
At finite k Atk=0

|

Infinite towers of
non-hydrodynamic modes

} Quasi-hydrodynamic modes (Hydro+)
} Hydrodynamic modes (Strict Hydro)

If I', <1 issatisfied, Hydro+ becomes well-defined!!

This generally happens when symmetry emerges by tuning parameters (m, M, ...)!

- Non-abelian chiral symmetry: SU(2), X SU(2); atm = 0 )
- Heavy-quark spin symmetry: SU(2),, at M — oo

[Remarks: Relativistic spin hydro, (ressumed-)MIS etc. does not generally fit into Hydro+ regime]



Outline

%] Approximate conservation law as Ward-Takahashi identity

%Y (Quasi-)hydrodynamic equation from local thermodynamics

Dispersion relation and Green-Kubo formula




Microscopic Setup: G = SU(N)

¢ Action with approximate symmetry

Dynamical fields: y, Symmetry-breaking parameters: M = eM

S10: M) ~[Eom T Fornl¥ V]

Under SU(N)-symmetry: Invariant Non-invariant
w — Uy, U € SU(N)

{-Whene =0=> §asym= 0= @ﬂJX =0 A=1,-,N"=1)
-Whene #0 = &y, #0 = 9, J7 # €0, A=1,-,N*—1)

asym

Q. How to ind © ¢ » A. Background field (spurion) method!



Background field (spurion) method

¢ Gauged action and spurious local symmetry

Dynamical fields: y, Symmetry-breaking parameters: M = eM

Sgauged W, A,m M] — Ssym [wa AM] + Sasym [wa A,uv M]

Under SU(N) gauge-symmetry: Invariant Invariant

Y — UW

M — gM (or appropriate symmetry transtormation for M)

We assumed the promotion of M to a SU(N)-tund. rep. field makes &, inv!

asym

» S gauged NOW enjoys the spurious SU(N) gauge symmetry!

The transtormation of M is spurious, but we treat it as if it is a ield (spurion)!



Ward-Takahashi identity

S gauged : INVariant under the spurious SU(N) gauge symmetry!

¢ Approximate conservation law as WT identity

OpJly — fapc Ay Jb = €04 with O 4 :=i(MTt @ — &ft M)

03 gauged 0S
Current and source defined by J/ := _gauged pn . asym
5Af} SM!
Derivation: S
—()(by eorn) — J” _ CI)T _ CID”

R /dd+1aj6’A —0 Jﬁ + fABCABJg —|-1 MTtA(I) (I)TtAM)




Outline

%] Approximate conservation law as Ward-Takahashi identity

QMJZ — ngcA'EJg — €04 with O 4 = i(M]LYfACI) — CIDTtAM)

%Y (Quasi-)hydrodynamic equation from local thermodynamics

Dispersion relation and Green-Kubo formula




Outline

%Y (Quasi-)hydrodynamic equation from local thermodynamics




We need constitutive relation!

%] Approximate conservation law as Ward-Takahashi identity

OuJly — fapc Ay Jb = €04 with O 4 :=i(MTt @ — &Ft M)

To make this WT identity as a solvable set of equation,
we need to express J /ix and @ (or ©,) in terms of n(:= JX), A4 and M

» Derivation of hydro ~ Derivation of constitutive relations!

* Holography (Fluid/gravity corresponsence)
You can choose any of | - Kinetic theory (Boltzmann equation)

Various approaches: * Nonequilibrium statisitical operator
* Schwinger-Keldysh Eftective Field Theory

* Local thermodynamics (1st law and 2nd law) [<— I will use]



[rreversibility of diffusion

No-go for time-reversal process!

Thermodynamic concepts, especially, The 2,4 law, should be there!




Deriving quasi-hydrodynamic equation

Step 1: Identify dynamical d.o.m & its equation of motion QFT interpretation
| ) g T ~ Ward-Takahashi
Step 2: Introduce entropy & conjugate variable with 1st law
5S . .
q — gSym SN M = fud = ot ~ Effective Lagrangian
ent[nA] ent [nA] ent [nA ] ﬁ//t 5nA (Hamil tonian)
Step 3: Find J{, ©, compatible with 2nd law (+derivative exp.)
ds Ji)y = — TAd' (Pu™), ~ A ki
M > 0 Viny(x) = (Ja) (L") withdy>0 | = A kind of symmetry
dz €<@A> — yMT(tAtB i tBtA) M,uB constraints
= iTypu"M 1y

ds., 55, i | |
S _ Jddx P Jddx =000 = i ()] + (@7 ] > 0

5nA | | | -
= — TA0'(fu") = iTyty,Mpu



Deriving quasi-hydrodynamic equation

Step 1: Identify dynamical d.o.m & its equation of motion QFT interpretation
| ) g T ~ Ward-Takahashi
0,{J)) = €(0,) with n, := (J;) and €(0,) = l[M ( (D) — (D )tAM] identity
Step 2: Introduce entropy & conjugate variable with 1st law
oS - -
q — gSym SN M = fud = ot ~ Effective Lagrangian
enil /14! ent. L]+ Seni 143 M1 Pr Ony (Hamiltonian)
Step 3: Find J{, ©, compatible with 2nd law (+derivative exp.)
ds Ji)y = — TAd' (Pu™), ~ A ki
M > 0 Viny(x) = (Ja) (L") withdy>0 | = A kind of symmetry
dz €<@A> — yMT(tAtB i tBtA) M,uB constraints

Step 4: Identity how we can compute Onsager coefhicients 4, y

~ Matching condition
for low-energy coeft.




Outline

%] Approximate conservation law as Ward-Takahashi identity

QUJZ — fABCAEJg — €04 with O 4 = i(MTtA(I) — @HAM)

%Y (Quasi-)hydrodynamic equation from local thermodynamics

(JY) = —=TA6Y9;(Bu) and €(©4) = —yMT(tatp +tpta)Mu”
(M = eM]

Dispersion relation and Green-Kubo formula




Matching condition for Onsager coefls.

®Y (Quasi-)hydrodynamic equation from local thermodynamics

(J4) = —=TX6Y0;(Bu) and €(©,) = —~MTV(tatg + tgta)MpP
M = eM]

e Charge conductivity : A

Two Onsager coeflicients: {

e Kinetic coefficient : y
= We want to find the correlation function expression of y

(= Green-Kubo formula for y)

¢ Several familiar methods

(1) Perturb the system with the background field
(2) Petrurb the density operator around local equilibrium (noneq. statistical operator)
(3) Add noise and compute the hydro correlation function [<—I will use]




Effective field theory at Hydro+ regime

¢ Stochastic quasi-hydro equations
(1) WT identity: 9,71, + 0/, = €0,
Jy == T (Bi) + &)

(2) Constitutive relation:
with noise

(3) Fluctuation-Dissipation Relation:
{ (E4C0EAD)) = 2T267 8,55+ D(x — y)
(EACEA) = 2TM (1515 + t151))My6,56' " Vx = y)

= Correlation function at Hydro+ regime (including nonlinear term)

= To find the matching condition, let us solve the linearized equation!



Dispersion relation & Kubo formula

. . . . A Y .
¢ Linearized eom and its solution— [D = - [ypi= )_(MT(tAtB + l‘BtA)M]

¢ Disspersion relation ¢ Green-Kubo formula

ny(o, k) = G A", k) [ikigf;l(a), k) + £ (o, l_c)) 6514(&),0) = — iw(—iwd,p + €T 4 5) L& n(@,0)

N 5 _ w—0, ¢#£0
with G"(w, k) := |[(—iw + Dk*)5,5 + €Ty > 0
_ ce—0,w#0 7= 0
Pole is located at > ¢p(@.,0)
. ~ R 1 . .
0 = det|(—iw + Dk*)3,p + €] M (15t + tyt)My = —— Lim 1im(© (- ) © y(w))
w—0 e—0
[ For SU(2) case, w(k) = — i€2 M \21 — kaZ] — lim lim i Im G249 ( )
2 V4 w—0e—-0 @ R



Summary

%] Approximate conservation law as Ward-Takahashi identity

QUJZ — fABCAEJg — €04 with O 4 = i(MTtA(I) — @HAM)

%Y (Quasi-)hydrodynamic equation from local thermodynamics

(JY) = —=TA6Y9;(Bu) and €(©4) = —yMT(tatp +tpta)Mu”
(M = eM]

Dispersion relation and Green-Kubo formula

A . 1
0 = det|(—iw + Dk*)8,5 + €3], M (1,15 + 151 )My = = lim lim — Im G *“*(w)
w—0 e—>0



Outlook tor Holography

¢ (Almost) Everything I know about holography

Let our background field be the dynamical one in AdS; spacetime!
(including spurion fields!)

Chiral transport Spin dynamics
l o 1t
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Outlook tor Holography

¢ (Almost) Everything I know about holography

Let our background field be the dynamical one in AdS; spacetime!
(including spurion fields!)

Chiral transport Spin dynamics

Minimal ingredients:

{ » SU(2) gauge field : A%

Minimal ingredients:

{ » SU(2) gauge fields : A, A~

SU2); X SUQR2)p-sym atm =~ 0 SUR)yp-symatM — oo



Summary

%] Approximate conservation law as Ward-Takahashi identity

QUJZ — fABCAEJg — €04 with O 4 = i(MTtA(I) — @HAM)

%Y (Quasi-)hydrodynamic equation from local thermodynamics

(JY) = —=TA6Y9;(Bu) and €(©4) = —yMT(tatp +tpta)Mu”
(M = eM]

Dispersion relation and Green-Kubo formula

A . 1
0 = det|(—iw + Dk*)8,5 + €3], M (15t + 15t )My = = lim lim — Im G *“*(w)
w—0 e—>0



