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Heavy lon Collisions (Little Bang) s fom cen

Before collision Quark matter roduced hadrons

10 fm = 107 "“m

T ~ 300 MeV ~ 102K

® recreates hot quark matter (quark-gluon plasma, QGP) at RHIC and
LHC



Quark Liquid

®In 7 — oo limit, quark matter must be weakly coupled quark/gluon
quasiparticles (asymptotic freedom)

® [hose produced in heavy-ion collisions behave as a liquid with
extraordinarily small shear viscosity (small “friction” in fluid flow):

nl/s ~ 1/(4r) : seen strongly-coupled gauge theories, unitary fermi gas etc

® |nterdisciplinary connection to condensed matter physics, astrophysics;
many exciting subjects meet here



What Next!

® How does quark liquid emerge from asymptotic QCD?

® Strategy: draw general lessons by exploring QCD-like theories



Non-hydro. Excitations are Diverse

Fig. from Kurkela-Wiedemann-Wu, EP|C |9’

) Kinetic theory ) AdS/CFT
D+ | D Ix &~ Hydrodynamic
e €~ Hydrodynamic pole
I pole X X
—L Non-hydodynamic
poles w ~2xT(1+/- i)n
\ X X
Non-hyd, ic cut : :
or-lydrocynamic Holography: Einstein eqns

around black hole background

® Common wisdom: “Hydro. are all alike; every nonhydro. sector is
different in its own way.”

® Similar situation in open systems: memory effects require keeping
diverse environmental modes.

® However, we uncover principled and simple description beyond hydro
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Qutline

® Symmetry organize non-hydrodynamic modes
® Shift symmetry “localize” non-Markovian thermal fluctuations
® Only a few modes may dominate outside hydro. regime

® Qutlook



Symmetry-based SK action for non-
hydro

An-Brants-Heller-YY, 251 1.1 1555



S C hWi nge - Ke I dys h E FT e.g. Glorioso-Crossley-Liu, [HEP 17’

y: barameter fields for

tr (pmic 0) ~ J@% @)( a€ Herrlitda 0[)( ] d.o.f.s at scale of interest

Iy x,) ~ Elxlx, + Flyly?

E.o.M Fluctuations

® Symmetry constraint from both underlying microscopic theory
and emergent properties of p; (e.g. KMS relation and more)



E FT fO r D iffu S i O n Crossley et al, J[HEP20 15

® Describing dynamics of conserved charge density n associated with a
global U(1)y, in hydro. limit

® Parameter fields: phase (r-)field y and noise y*
® Symmetry

® Global U(1)y, (for both r and a field):

® The state of normal fluid (unbroken U(1)) is implemented as shift
symmetry acting on r-field

p(x) = w(x) + A(X)
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E FT fO r D iffu S i O n Crossley et al, J[HEP20 15

Iy, e, V] = J' [)((dtl//atl//“) + 0@(51//) | (51//“)] + noise term
X fixed by KMS relation

-

n=yowy ] = 851// — D on
® E.0.M for y < diffusion equation

® Shift symmetry forbids sound-like mode

Iy~ (o) s @ = ok — iDK?
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Can we extend symmetry-based construction beyond hydro. limit?

Reservation: hydro. modes are conserved density associated with
symmetry. Non-hydro. modes are not obviously related to symmetry

“we invoke a procedure that is often useful in theoretical physics. ...”It is
more blessed to ask forgiveness than permission.” The stratagem tells you to
make clear-cut simplifying assumptions, work out their consequences, and
check to see that you don't run into contradictions™

Wilczek, Physics Today, 2000
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Symmetry-based Construction

An-Brants-Heller-YY, 251 1.1 1555

® Assumption: relevant non-hydro. modes can be described using
theories with multiple global U(1)s

® one combination is microscopic U(1),; others are emergent

® scenarios: |) U(1)s are unbroken 2) maximally broken; 3) hybrid

® Consequence: action constructed with field content and shift-
symmetry naturally identified in each scenario

® Check: 1) a unified framework for almost all known theories: kinetic
theory, holography, Maxwell-Cattaneo; 2) generating new ones
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Scenario |:all U(l) are unbroken

® Fields: phase field ¢, , @,, for each U(1) labelled by m

® All U(l)s are unbroken — shift symmetry under ¢ _(x) = ¢, (x) + 4 (X)

g — Z)(m [(at(pm)(at(pgfz) +W+ (Vm° Vat(pm) (p;?fz T dissipation]

V.. :m-dependent background vector

Describing evolution of generalized density f, = y, 0.¢p,, labeled by m that
“flow” with velocity v,
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Connection to kinetic theory e««azozioe

Delacretaz et al, 2203.05004

® View m as single particle momentum m — p
X0 P 2 X, D), ¥, — Vp

® Origins of infinite U(1): quasi-particles at different patches of Fermi surface
(FS.) can choose their phase independently

® Unbroken U(1)s < Liouville theorem as conservation of phase space volume

® Application: Landau Fermi liquid, action for hard-thermal loop .
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https://arxiv.org/abs/2203.05004

Maximally Broken Case

Spontaneous breaking

U, % ..U x U1y, = Uy, ~Uly, n=1,.,K

® Fields: phase field ¢, +emergent gauge field A,

® Common shift symmetry: ¢, (x) — ¢, (x) + A(t, X) ;ensuring action
depends on Goldstones of broken symmetries

Describing multiple emergent massive photons in medium
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® Holo-like (Christmas tree) modes by tuning model parameters
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Continuum limit K = o0

® 4+|d gauge theory in curved spacetime: “n” labels fifth coord. p, = na
® Emergent photons lives on the slices along p

® Holo. model is a subclass of theories with breaking emergent symmetry
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The nonhydro. is diverse, but the diversity can be classified by the fate of

emergent U(l) symmetry
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Shift symmetry “localize” non-
Markovian thermal fluctuations
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“non-Markovian’ Fluctuations

® Fluct-dissi part of the action for a generic field y with damping rate y

1 —J oy [ (o)) )+l th<£)\ ()]
D = wla)y)( w)y(w 200 T ¥ (o

® Markovian limit w < 1I': I, is local and obeys dynamical KMS
symmetry

® But /5 is non-local in general w; singular at Matsubara mode
w = mQ2xT)

® Goal: restore locality by treating Matsubara modes dynamically
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Assumptions

® Introducing ‘“Matsubara fields” X(x;6), 68 € (0,27r) on the circle
connecting fields on the two SK contours

XO0=0)=y_, X@O=2n) =y,

® The action I[X] is invariant shift
5shiftX(69 .X) — /I(X) ’

(no changeony, =y, — y_)
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An-Brants-Heller-YY, 251 1.1 1555

see also Glorioso, Crossley, Liu 2018
in holography context

X+

0=21 X(t,21)=X+
>

t

X organized by , o | ,
shift symmetry J@X exp (let JO do [la(dHX) — b(0,X 6tX)])

Fluct-diss at | | . | 0, . 2
general @ =exp| 1| toylx (—a)))((a))+500th 5T (@) |7]

a=2nlTy,b=y
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® So far: principled organization

® Next: simplification. Do we need all of the modes!?
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Simplification outside hydro. regime

Weiyao Ke and YY, PRL 23
Mu-feng Lei, Chen-ya Zhan, Zhen-kang Lu and YY,
in preparation
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Collectivity of Produced hadrons Wenbin Zhao,Chun Shen, Bjorn Schenke,, PRL 2022

oqoEmme
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Modeling with hydrodynamics coupled with a few non-hydro modes works

well even for heavy-ion collisions systems with size comparable to /¢,

20



“Ground state modes” Weiyao Ke and Y, PRL 23

G.S. mode(s) dominates

® [hose with lowered damping rate than other modes
® In hydro. regime, they are simply hydro. modes
® but may exists even beyond and dominates the response

(hypothesis)
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Check: ground-state modes in
sound channel

Romatschke, EP|C 16’ Amado-Hoyos-Landsteiner-Montero, JHEP 08
RTA Kinetic AdSICET
N : nonhydro, TTTTTTTTTTTTTTTTTT
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. . . see also kinetic theory with full QCD collision
® Exists in QCD'Ilke Plasmas integral, Xiaojian Du et al, PLB 23
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High-frequency sound in solid liquid

16 ' | ' | ' |

liqguid Hg, Petrillo and Sacchetti ,Advances in Physics 2 |°; many other examples

® observed up to g ~ inter-atom distance
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Extended Hydro.

® Assumption: by coupling hydro. with a minimum set of non-hydro.
modes, we can describe ground state modes in both hydro. and non-
hydro. regime

® Check: K =1 emergent broken U(l) vs holography (K — o0) in
density channel
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G.S. modes in Holography
(K — 00)

0.0 -\\f) e iqu
. °\\\\\\ ........................................................

3 3 | o le———————————
E .............................................................. Q U

q/(2xT)

® ¢ < gr:a purely damping mode
® ¢ > ¢ a pair of propagating modes
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Solid K — oo (AdS/CFT) vs dashed K = 1 (minimum)

Im(w) vs g/ 2xT) Re(w) q/ 2xT)
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Multiple modes organized by symmetry
Integrating out

¥ One mode with same symmetry structure

Symmetry may help understanding the simplicity
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A Similar Story for Kinetic Theory

Im(w) vs gty

04 == Geometric N=2
-« Geometric N =3
«««« Geometric N =4
m— Fyll Kinetic

2&3 modes /.-~

”’

G.S modes in sound channel in kinetic theory vs hydro couple

® Systematic improvement with increasing no. of modes

q=qtr
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Summary and outlook
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Extension to emergent non-abelian
symmetries

Phonons as Goldstone Bosons

® Diffeomorphism: non-linear coupling among  H. Leutwyler (University of Bern and CERN)
non-hydro. modes

® SU(N) : e.g. kinetic theory with spin

Zonglin Mo,YY 2512.23960; PRD in press
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Summary

® Emergent symmetries unify the description of diverse non-
hydrodynamic excitations and non-Markovian thermal fluctuations

® Ground-stated modes: minimum extension of hydro. works
surprisingly well and improvable

® Outlook: applications to quark matter, other open systems and neural
network architectures
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Back-up
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Action

® Building block: (dp, + A,) — (0@, + A, ) +“emergent” EM fields E, B

D SEAA] A, — R A - AdS | of = 9p + A,

A‘Qyn — ‘Q[n+1 _‘Q[n

Assuming nearest-neighbor coupling

— 1—> —
a r a
n n n

Describing multiple emergent photons dissipated by Ohmic current
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K broken U(I) case revisited

82 82 1
EF = — — F + — E — L —
S N (R uzqz)( w1~ € (2 — u,%_lqz)( n T Ene)
gt c
E, = (EZ—EI) + E,
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Reduction

® Assuming integrating out £,., modes do not change symmetry
structure, E.0.M reduces to K = 1 broken emergent U(|) model

® Here, 2., u, etc are frequency-independent parameters accounting for
the effects of other modes

39



‘From NTFPs to (generalized) Hydrodynamics

A lot of citations the last years! For an easy intro/review seei: B. Doyon, et. al Phys. Rev. X 15, 010501 (2025)

Generalized Hydrodynamics — Hydro for integrable systems
at qn —|— aa:]n —=: O = | arge/infinite number of extensive conserved
guantities

= strongly restricts dynamics
(Gibbs ensemble — Generalized Gibbs ensemble)

= | ong-lived quasiparticles

Follows same logic as usual hydrodynamics but
taking into account all conserved quantities
— local GGE instead of thermal state

Gradient expansion of currents leads to simplified eft _
equations at Euler scale 875/0)\ T 6:13 Uy [P]PA =0

Generally: integrability is rare, but near-integrability has pretty large regime of applicability

8tq'n, + aa:.]n — In [Q]

Integrability breaking terms <« generalized Boltzmann collision term In
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S C hWi nge - Ke I dys h E FT e.g. Glorioso-Crossley-Liu, [HEP 17’

® The evolution of density matrix represented as path integral on the

SK contour _—
f_( Y — O (ff{z)

p(ty) = Uty t)p,U™ (15, 1) "o <

UT(ts,t;)

r-field(average): ¢p. = (qb_ + gb+)/2 a-field(noise): ¢, = ¢p_— ¢,

® EFT:action in terms of parameter fields y that describe relevant d.o.f.s

® Observables expressible in y, O(y)  t7(Ppic 0) ~ J@){@){a e''errtdal Of ]

® Constraints: unitarity, symmetry, emergent properties of p, (e.g. KMS
relation and more)



Example: Maxwell-Cattaneo Eqn
and its action

® Promoting fas the dynamical field in addition to n

— 1 - - - -
d,] = ——( — Don) on+0-j=0
1y

(Analogous to MIS equation for T*")

® Corresponding action are constructed phenomenologically (a Ia
Martin—Siggia—Rose)

Mullins, Hippert,Noronha, PRD 23; Jain, Kovtun, JHEP 24’

® In general, one needs multiple non-hydro. fields whose descriptions
would be complicated
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Emergent Gauge Symmetry and
Massive Vector Mesons

® Massive meson like p,a,can be treated as the vector boson of
spontaneously breaking emergent local SU(2) Bando et al. | 980

® Generalization to finite (infinite) number of HLS (predecessor of AdS/
Q C D) Son-Stephanov, 2004

Reproducing a host of hadronic phenomena with acceptable precision
Pion ~ hydro. modes

Massive meson ~ non-hydro. modes
Message
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‘From NTFPs to (generalized) Hydrodynamics

A lot of citations the last years! For an easy intro/review seei: B. Doyon, et. al Phys. Rev. X 15, 010501 (2025)

Generalized Hydrodynamics — Hydro for integrable systems
at qn —|— aa:]n —=: O = | arge/infinite number of extensive conserved
guantities

= strongly restricts dynamics
(Gibbs ensemble — Generalized Gibbs ensemble)

= | ong-lived quasiparticles

Follows same logic as usual hydrodynamics but
taking into account all conserved quantities
— local GGE instead of thermal state

Gradient expansion of currents leads to simplified eft _
equations at Euler scale 875/0)\ T 6:13 Uy [P]PA =0

Generally: integrability is rare, but near-integrability has pretty large regime of applicability

8tq'n, + aa:.]n — In [Q]

Integrability breaking terms <« generalized Boltzmann collision term In
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