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FLUID DYNAMICS FOR RELATIVISTIC QCD MATTER

Fluid dynamics is a universal effective field theory (EFT) of non-
equilibrium many-body systems with a stable equation of state and

® Conservation of charge: 9,/ = 0

® Conservation of energy and momentum: 9,T#" = (

JF = nut+ v
T" = eufu’ + pA* + o
AP = gt + ufu’ v = —kTAM 0, <%>
Tl = - <6iuj + 0u' — %6”V -u> — €87V -u

The dissipation terms are described by the shear viscosity 1, bulk
viscosity ¢ and charge conductivity k
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FLUCTUATIONS IN HYDRO

® The deterministic hydro equations do not lead to spontaneous fluc-
tuations

® The occurrence of fluctuations is a consequence of the microscopic
dynamics and must persist at the coarse-grained hydro-level

Introducing non-linear dissipation with temperature-dependent trans-
port coefficients and random noises:

o= JF+ A
TRV _, TRV 4 gV N ’

(6") = 0 <(9ﬂ)2> ~ Sl — 2t = 1)

(0") =0 (@) ~ 8lx — 2t ~ 1)
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REPRESENTATION IN MSRJD FIELD THEORY

In terms of the slow variable (a conserved density), the free energy
of the fluid:

A

Fp] = /d3x {%W@Q + gzp(x, t)? + % v(x, £)° + ... + hlx, )Y(x, t)}

The diffusion equation:

0(x, t) = V {n(zp) \V <%ﬁ]> } + 0x, t)

where the Gaussian noise term 6(x, t) has a distribution

1

P[O] ~ exp <_Z / d°x dt O(x, )L(¥)10(x, t)>
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REPRESENTATION IN MSRJD FIELD THEORY, CONT.

The conductivity, k(¥), is field-dependent: k(¥) = ko (1 + ApY)

The partition function is given as: ¢ MSrR, PhysRevA.8:423(1973)

Z

/ S P[6] exp <—i{p le.0.m [1), 0]))
=_/@¢@¢wp<1/fwﬂ£wwﬁ

The effective Lagrangian of this theory is:

- - Do/ - - .
20.9) = ¥ (3 = DoV?) b — == (V) ¥ — B

Note: Dy = rkg and A" = A/r + Ap.

The noise kernel is chosen as L(y) = V [kpTk(¥)| V
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TIME REVERSAL SYMMETRY

Stochastic theories must describe the detailed balance condition:

Pt — ) _ sz
P (o — )

which is related to time-reversal symmetry:
¥(t) — y(-t1)
. [ SF

Y(t) — —

d
— L+ F
L— 2L y
& Janssen, ZPhyB.23:377(1976)

The Ward identity is revised to

<¢(I1, t) [Vm(zﬁ)ﬁ{p] (2o, f2)> = O(fy — 1) <¢(I1, t)(xo, f2)>
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SIMPLER EXAMPLE OF MODEL B

© Linearized propagator:

P < V) ——{F—>—

® Vertex and new vertices:

©® Loop contributions:
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ANALYTICAL RESULTS OF ONE-LOOP

The retarded function

1

] _
G {w k) = —iw + Dok? + X(w, k)

with A , 21 19 , 2w
Y(w, k) = o (iMwk” + Ap |iw — Dok?| k7 \/le DL

The charge (thermal) conductivity in this system becomes a
scale-dependent term in the low-energy effective hydro theory

The vertex function of composite operator Ap[¥V ] is given by

FD(U), k) = (—iw + D()kQ) <DO)\,D >

The field-dependent fluctuation-dissipation relation becomes:

2Im {Glw, k) [Dok* + T'plw, k)| } = wClw, k)
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1P| EFFECTIVE ACTION

Consider the generating functional with local source J, J:
WIJ, J] = —ln/gwgﬁb o= UL LATV+T |

Performing a Legendre transform to the 1Pl effective action via
background field method with ¢ = ¥ + 6:

I, ¥ = Wiy, T] — /dtd3x <]\If +7\If>

- O O

Taking the derivative of the 1PI effective action w.r.t. the classical
field ¥ yields the e.0.m. encoded the fluctuation effects:

2
KA%

(0 — DVA)Y — ,

VA2 4 / dx'dt' V(x', t)2(x, t; x', ) = 0
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DOUBLE LEGENDRE TRANSFORMATION

= NPl effective action — e.o.m. for n-point functions

v" Couple a bi-local source %zpaKabzpb to the system & Cornwall,
Jackiw and Tomboulis, PhysRevD.10:2428 (1974)

v' Plug in the 1-loop 1PI effective action
v. Sum beyond 1-loop terms

v' Apply the stationary conditions:

SW sW 1 1
— a/ = Ya. = A\ Va =~ A wﬁq’ a
5]61 <1p > v 6Kab 2<¢ ¢b> 2[ b T G b]
v/ Perform a Legendre transform to yield the 2P| effective action:
1
['¥q, Gap] = Wlla, Kav] — Ja¥a — 5 Kan [Ya¥p + Gapl
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2P| EFFECTIVE ACTION

The 2P| effective action is given by:

1 &S 1
\Ila, a = \Pa - - _T 1 G F \Ija, Ga
['[¥q, Gap) = S[¥q] + 2 SU5T, Gap 5 1T 1og(G)| + T'g| b]

The higher order fluctuations are:

exp(—T'r[¥a, Ganl) =

— 260G anSbs

v RIS

— [Sg[\lfa, Sa] — Jad¥a — Kap(S¥adtp — GAB)J }

with 1 838 ol’ ol
E F = F

a =~ A i ’ Ka =

J 20Y,6¥YpoY, Gre oV, b 0Gyp
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DSE IN MIXED REPRESENTATION

The loop diagrams generated by I'r use the full propagator G,:

O @ &

Taking the derivative w.r.t GG, obtain the Dyson-Schwinger equation:
211 212 ‘C}'
2ol 299 «@»

O
L

In time-momentum mixed representation

St E) = (khs)? / d°k Bk + F)? Clt, k) Gplt, k + k),

2
5Dt Y - / 43K FACIL E) Clt, b + F)

2
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NAIVE NUMERICAL SIMULATIONS

3D curve of 6G(t, k) and the iterative solutions of DSE taking
advantage of convergence
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LONG-TIME BEHAVIOR

0.050

& l
e} 0.7_— ——
5.x10™ \ \\ :_—é\ i =
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t % 0.5;—
A logarithmic plot of the loop e
corrections to the retarded t
5Gp(k, t)

The logarithmic derivative of
65Gp(k, t) w.r.t t

The long-time behavior of the diffusion cascade is conjectured to be
exp(—aVv DK?t) with a ~ 1 because of the n-loop terms
~ n! exp(—Dth/n). 4 Delacretaz, SciPostPhys.9:034(2020)
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SUMMARY AND OUTLOOKS

X To complete the numerical simulation of the mode coupling approx-
imation, as it can provide important insights into the critical region

¥ To consider extending our model to include expanding systems,
which can help us gain a deeper understanding of the dynamical
nature of the phase transitions

¥ To investigate how our approach can be connected to kinetic theory
to provide more valuable insights into the microscopic behavior of
QCD matter

Thank You for Your Attention!
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