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Strongly correlated quantum systems
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Many-body dynamics in mesoscopic systems
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p{)rtunities
at the LHC

Short OO and NeNe run July 1-7 at LHC Kk

Small system toolbox

peripheral

asymmetric
high-multiplicity
p_)p .
o o
Light ions:
* “natural” small system
* good control of initial geometry
First results
— great agreement with hydro predictions

Light-ions: precision tests of
emergent collectivity in QCD
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Frontiers of hydrodynamic (in)applicability

Quantifying emergence: when the whole is more than the sum of its parts

attractors
-

arXiv:2509.05049
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Hydrodynamic attractors
in heavy-ion collisions



Attractors in QCD thermalisation

Universality and simplification in bottom-up thermalization

Baier, Mueller, Schiff, and Son (2001)
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Stage III: hydrodynamic attractor Hellr,Spalio PRL (2015

‘B rBRSSS Boltzmann AdS/CFT «— strongly coupled
X
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= |
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Microscopic evolution rapidly collapses to hydrodynamic attractor tunction.

—> Similar reSUItS Wlth QCD klnetlc theory Kurkela, AM, Paquet, Schlichting and Teaney, PRC, PRL (2018)
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Hydrodynamics as gradient expansion

First viscous correction 0.35
rx 0.3
Ng —Feq 2 7 N 1
— = 0.25
Peq 3TPyq W N

'S}
Higher-order @ ™" expansion diverges! & g3

Heller, Spalinski PRL (2015) 0.1
_ T relaxation rate 0.05
w = = : : :
471-77/3 expansion rate monotonic expansion 0
v 1
@M ut = =
-

What if expansion is non-monotonic?
— periodically driven systems

Aleksas Mazeliauskas, aleksas.eu

w — o0 = equilibrium
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0.1 1 10
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Giacalone, AM, Schlichting, PRL (2019)

see however work by Toshali and Alexander on Gubser flow,
2408.04001, 2307.10384



Hydrodynamic attractor in
periodically driven systems



Ultracold atom experiments

Expanding space simulator
. . in static BEC
* Controllable interaction strength

* Time-resolved imaging
* Spatial or momentum imaging
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Time dependent scattering length See tall by Keisuke

Equivalence of isotropic expansion and changing scattering length

Fujii, Nashida, PRA (2018)
d * ' da — a + . a

©Fujii Relative size change between the fluid size & the scattering length

Bulk viscosity resists expansion

1

s (t) = ST = Peg = —CV -7 < Tlng = —(3

Can study isotropic expansion in static gas with time-dependent scattering length.
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Miller-Israel-Stewart theory

Linear response relaxation of bulk pressure See talk by Tilman

/'TCﬂ(t) — _H(t) + IIng (t)

microscopic relaxation time

t
MIS solution:  TI(¢) = e~/ 7<II(0) + 1 / dt’ e =t/ Mg (¢)
¢ Jo

. . . . —1 —o
Hydrodynamic attractor in cold atoms near unitarity a  (f) ot
See talk by Keisuke

— — H o (1) — Ceq(?) numerical
HNS (t) — _C v U — O 1.0 s aftractor
— 0 — 0.8} ideal hydro (Oth)
. 0.6 Navier—Stokes (1st)
Small WlndOW Of ’*,04 - 2nd-order hydro
universal & non Navier-Stokes 0.2
hydrodynamic behaviour 0.0 R — e e T,

Aleksas Mazeliauskas, aleksas.eu Fujii & Enss, PRL (2024) 2404.12921

13



Periodic expansion and contraction

Consider non-monotonic expansion: a1 (t) = ag 1 (1 + A sin wt)
O,ut = 3Acoswt

w ~ (9, ut)~! «— diverges AWAWAWAWAWA
VAAVARVAAVARVARVARV

Scaled time not the right variable!

Instead consider deviation from equilibrium vs Navier-Stokes expectation

TrT _ Pe Txr Pe
1 vs NS 1 _— _ JAwT: coswt
Peq Peq PeqTe
o S
T¢ --- bulk relaxation time Poq e --- bulk property
eq
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Periodically driven systems

. . 11 ¢\ —1 11
Navier-Stokes expectation P ( Peq7-<> (3Awre) " = 37¢
[Ins(t) = —3Aw( cos(wt) o} mw=05 |
— MIS solution —_—
-~ Navier-Stokes _ *,-"" }
MIS attractor ( ¢) 05 —=" attractor ### 1!
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() = —3AwC 3 o/
\/ (wT C)Z + 1 % 0.0
. = ’
Phase-shift: tan ¢ = wT 05}
| t=37
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of periodically driven system! . . -
—1.0 —-0.5 0.0 0.5 1.0

— new type of cyclic attractor
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Dependence on relaxation time

AM, Enss arXiv:2501.19240
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For very slow drives or fast relaxation — closer to Navier-Stokes
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Non-linear response with massive kinetic theory

Time-dependent space-time metric

ds? = dt2 — b(t)2(dz? + dy? + d2?) S 3%
Co-moving fluid expands isotropically
Massive particle in relaxation-time approximation Florkowski et al. PRC (2014)
b D f(t.p) ~ f
Or —2-p=| f(t,p) = —— —
b Op TR «
. - —— constant

— solve numerically for periodic expansion/contraction

b(t) =1+ Asinwt \/\\/\\/\/\/\/\\)
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Temperature evolution in periodic expansion

Viscous heating <T> X A2w2<:
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Non-linear hydro attractor

AM, Enss arXiv:2501.19240

For small amplitudes kinetic theory reproduce linear MIS attractor
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For large amplitudes attractor evolves in time due to viscous heating.
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Periodically driven
conformal systems

(work in progress with Toshali Mitra and Tilman Enss)



Expansion and contraction in z-direction

Time-dependent space-time metric b
ds? = dt® — dz® — dy? — b(t)?dz? Vu=g
Co-moving fluid expands/contracts in z-direction

Gauge/gravity duality
— excite shear response in conformal systems :

Can apply existing theory machinery:
* Holography

* Kinetic theory

* Generalized hydro, e.g. MIS

Ilustration by Alfred T. Kamajian

Bekenstein, Scientific American (2006)

Aleksas Mazeliauskas, aleksas.eu 21



Cyclic attractor in different theories

Work in progress with Toshali Mitra and Tilman Enss

holography MIS QCD kinetic theory

01 T T T
‘ . : ; A=0.01,w=0.0Lt -------
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L B P~ ~— '.’
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e %| & -05 o 0
| 00 |5 |
S 4 .
-1.0 <
05 —0.05 |
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-0l =24 L . ‘ ] —0.1 L ! |
10 05 00 05 1o -1.0 0.5 0.0 0.5 1.0 —0.1 —0.05 0 0.05 0.1
NS 3 (m)ans 8n/s/T Aw cos(wt)
noBw 4nowp

Difterent theories exhibit the same cyclic attractor behaviour
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Summary



Conclusions

Hydro attractors — universal non-Navier-Stokes hydrodynamics

* Studied in many high-energy descriptions - i
* Rich mathematical structure i bt il ™
0.1rF
Cyclic hydrodynamic attractor ; »0
* New class of attractors ERRY
* Easier to simulate with existing systems -0z ({8 T 100 |
Thywissen lab arXiv:2506.13707 -0.2 0.0 0.2

— Should study attractors for general expansion

Discovery of hydro attractor in cold atoms would further strengthen
connections to high-energy nuclear physics

Aleksas Mazeliauskas, aleksas.eu
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Standard model of heavy ion collisions

 Hadronisation
t > 10fm/c

hadrons

* Fluid expansion

t~1—10fm/c fluid fields

* QGP equilibration
t~1fm/c

quasi-particles

1t1 S t CD field
* Initial energy deposition strong QCD fields

* Incoming nuclei

Aleksas Mazeliauskas, aleksas.eu  Derges, Heller, AM, Venugopalan RMP (2021) 26



Longitudinal (Bjorken) expansion

proper-time

A T:\/t2—22
T

. . Z
1D fluid expansion: ¢* = p
pr _
D, T =0
Energy density evolution:
1
= 0,e = ——(e + T7%)
T
Navier-Stokes sonstituent equation:
. 41
TZ :Peq—g;—F
1n/S - shear viscosity over entropy density
4
e ~ 7'_1 € v T_§ Q i
Free-streaming 17/ s=00 Ideal hydrodynamics 7/s=0 S 47
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in strongly interacting Q]
Kovtun, Son, Starinets (2005) 27



QCD eﬁe Ctive kinetic theory Arnold, Moore, Yaffe JHEP (2003)

underlying quantum field theory

. . . 1
2-point functions »CQCD —q (Z’V'LLDM — m) q — ZFSVFCILW
l | Boltzmann equation for quarks and gluons |
. D
phase-space density O f (¢, X, p) + m Vxf(t,x,p) = —Cousa|f] — C12]f]

multi-dimensional integrals

Leading order collision processes:

* Elastic scatterings Z é <

* Medium induced radiation
QCD kinetic theory — real-time dynamics of quark-gluon plasma.

Aleksas Mazeliauskas, aleksas.eu 28



“Bottom-up” thermalization scenario s e st un son ooy

Pz
Boltzmann eq.:  0rf — 73 f = — Golf] = Cioolf]
. . N HH . . N o« .
glllOIl distribution longitudinal expansion in-medium QCD collisions
:I [ | I LI I T1 | I I L | i
[ P Po| be ]‘ B Classical YM ]
’ ‘ L 1000 Bottom-Up 4G
X =3 = a=0.015 .
L] m - - |
' ?’ = 100 & \ Realilg.tlc=
. o o = coupling3
P> P Pz § 0’;"=0.3:
2 10 7
‘ : 1 10 100
2 <> 2 broadening collinear cascade mini-jet quench Rescaled occupancy: <po, f>/<p>

Kurkela and Zhu (2015), Keegan, Kurkela, AM and Teaney (2016), Kurkela, AM, Paquet, Schlichting and Teaney (2018)
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(44 . o o
Bottom-up” thermalization scenario e v s i son o

Pz
Boltzmann eq.: 9, f — ?8 f = — Cauolf] — Ci2|f]
. . o HH . . g o« .
gthH distribution longitudinal expansion in-medium QCD collisions
:I [ ||| I LI | ||| I I L ||| i
ke 1 » £ I]‘ B Classical YM 1
’ _, 1000 = Bottom-Up %= E
c ocs=0.015 :

\

-6

&
[_q
A
é 100 - Realilg.tlc=
z _;' o E coupling3
b P g o =0.3]
‘ é "’ 3 2 3
1 | 10 100
2 <+ 2 broadening collinear cascade mini-jet quench

Rescaled occupancy: <po. f>/<p>

Kurkela and Zhu (2015), Keegan, Kurkela, AM and Teaney (2016), Kurkela, AM, Paquet, Schlichting and Teaney (2018)
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“Bottom-up” thermalization scenario s e st un son ooy

Pz
Boltzmann eq.: O, f — 7(’9 f = — Cowalf] — Ciosalf]
. . . HH . . hd ..
gluon dlStrlbUtlon longitudinal expansion in-medium QCD collisions

Classical YM

| L

Ps Pz} 11 me SHRRRR) T
’ i , 1000 Bottom-Up

o =0.015
s

\

&
=
A
‘ E 100 & Realistied
P - ° = coupling3
! g § o =0.37
< 10p S
‘ 1 _| L1l | )
2 <> 2 broadening collinear cascade mini-jet quench I 10 100

Rescaled occupancy: <po. f>/<p>

Kurkela and Zhu (2015), Keegan, Kurkela, AM and Teaney (2016), Kurkela, AM, Paquet, Schlichting and Teaney (2018)
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QCD phase diagram

Cabibbo, Parisi (1975): existence of a different phase of the vacuum in which
quarks are not confined. T 4LHC

thermodynamic

(static) picture — ey

(How) does QCD thermalize
in nuclear collisions?

RHIC o%&®
Quark Gluon Plasma,  «— new phase
- = . o O .
I . of matter
D) ®
V" e 005 ®
&

Hadron Gas
D)
@ C——— > neutron stars

. Nuclei
baryon - antibaryon

Aleksas Mazeliauskas, aleksas.eu
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Non-thermal attractor



Universality far trom equilibrium

Self-similar evolution of distribution function

f(r.pr,ps) = 7% fs(77

Jfs - scaling function
o, 8,7 - scaling exponents

Non-thermal attractor:
e Joss of initial information

scaling example

prT, Tvpz)

Occupation
e e

B

~
@

i o

tOz

Time

* Simplification of dynamics =

Aleksas Mazeliauskas, aleksas.eu

Momentum

Credit: Thimo Preis
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Stage I: non-thermal attractor

* Solve classical-statistical Yang-Mills equations with expansion
* Gluon distribution scales according to the bottom-up predictions

f(r,pr,p02) = 723 fs(pr, 7/3p.)

: scalars
gluons scaling rescaled
004 —r—— —— 10 v : T r .
pT T‘; oss | | G = 1 glu?n distribution: ;ﬁ:uperfluld Bosg gas:
E A I & S | 4 7% fo -
003 I ! 4 = 7] = 4 3
o c 0.8
s & o g § )
;'( o oo | . | = o O 4 ; “‘u
;’ ‘ e £ | 06 3 prgdtcted 1
S ooy ! n;?ﬂ% ! ] g 8 = - universal %
— — 3 LE o = W f<«— scalin 3
T oos| NG 1 1¢ 3 ® & 04} F § 9 %
pZ 0 jeed 4 = E S o curve *
s CEAN Z & e V4 . L
§ 0.01 ﬁ ' |, E g = 02 ﬁ‘\ & scalmg '?,.,\
o 0.005 E ’,_f_:"ll‘. eXponenfS e N
e e ] B o Y 2 3

4
Longitudinal momentum: p, /Q Rescaled momentum: Q' p,/Q rescaled momentum: z.”rp;

Berges, Boguslavski, Schlichting, Venugopalan (2014, 2015) universality between theories

35
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Generalization: time dependent exponents

f(t,p) =tW f(tPWp) — earlier collapse (pre-scaling)  am, Berges PRL (2019)

constant exponents pre-scaling time

1.5F

IpF(t,¢, pl)

Quantum (2PI) evolution
of O(N) model

initial

Momentum |p|/Q

0.5F

— similar results

(t/te)*™=(Ip|/Q)*F (., |p|) x 10°

with QCD kinetic theory 0
Rescaled Momentum (¢ /t,ef)%|p|/@ Rescaled Momentum B(t)|p|/@Q
. . . R Boo
Analytic prediction: B(t) =t — (¢t —¢,)P ge1 = (%) — Wy
Heller, AM, Preis, PRL (2024) "'4 A g "

Aleksas Mazeliauskas, aleksas.eu 36



Dynamical scaling in ultracold atomic gases

* Highly controllable — tunable interactions and initial conditions.

* Observation of dynamical scaling in Bose gases

Prufer et al. , Erne et al., Nature (2018)

* Observation of pre-scaling dynamics in 2D Bose gas

initial shaking

Force, F En T T

x Size, L

bidirectional cascade

10°

103t

distribution evolution

initial
conditions

k (um™")

Aleksas Mazeliauskas, aleksas.eu

(tunifto)™ Ny (M)

2

2

S,

Hadzibabic group, 2312.09248

rescaled distributions

tuni — t — t* !

| fit parameterT N
02 05 1 2

(tuni/ o)k (Um™")
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[on collisions at the Large Hadron Collider

T.D. Lee, 1974: distribute high energy density over a relatively large volume.

— ~

—

N

= —

ALICE

Pb-Pb 5.36 TeV
LHC22s period
18th November 2022
16:52:47 893

(How) does QCD thermalize in nuclear collisions?
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QCD thermalization

Berges, Heller, AM, Venugopalan RMP (2021)

High-energy, high-density limit as(Qs) < 1

far from equilibrium
strong QCD fields

quasi-particles

SCIE

equilibrium
fluid fields 7°(¢ :L’) H(t, )

<_—>
‘

t<<1fm/c ~3x107%s t~1fm/c

classical field theory
i kinetic theory

fg(Qs) ~ 1

S
< -
fq a.

gluon occupation:

t~1—10fm/c

viscous hydrodynamics

ngl

Consistent QCD description from initial conditions to equilibrium.

Aleksas Mazeliauskas, aleksas.eu
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Baier, Mueller, Schiff, and Son (2001)

Attractors in Bottom-up thermalization

Simplification and universality in QCD thermalization — attractors

Bottom-up thermalization

())::gb%s; W?@\Q. . Froro T T T TRITT T T T T TTITT] 71 S I
X658 ~E - Classical YM - t
& & B -0 age
& 1000 £ Bottom-Up / % 3 g
(a® - o=0.015 =
B -0 Stace ] | non-thermal attractor
Stage III 2 100 & \ g Realisticd a's’21 - . OccupancylnHa,d oy
] E e coupling3
hydrodynamic attractor 2 ot =0.3] . S,
| I I | | a 10 = ’ E ; o | @{*@4&@0 g
" (173 ! E E ; % eofo Q)%f,% E
Ef » 5 “‘ ‘ | < [ 1l | |S| L LY {1l 11 1 ] f'g 6/],.9/}19@6‘ Tl =
e 3 i
s NN 1 10 100 : “ v
& — 2 s’ s, tabily; s i
s o7 ] Occupancy Qs X fg - & , 9502
il BGLMV (const. anisatropy) By
A T T e : el
-5 4 ) | | Smaller occupancy ng=1/4 ng=1
w=71T(7)

Aleksas Mazeliauskas, aleksas.eu 40



Applications

* Early applicability of Navier-Stokes eqgs.
Thydro = 1fm/c o (n/s)3/?
* Entropy production during equilibration

ST X (77/3)1/3

* Pre-equilibrium response functions

—  KoMPgaST code

Kurkela, AM, Paquet, Schlichting and Teaney, PRC, PRL (2018)

1 — :
~ N <—PT> TekT Thydro
‘U P
0.5 } Y S mm - - N
J./'3 - s gwunn?®
................................ g
0 T
. ;"’ """"""""""""""""
(PL) » 2+1D hydro.
Giacalone, AM, Schlichting PRL (2019) <P> ¢
—0.5 ,' Kinetic theory i
Y4
1 {2+1D Yang-Mills
0.01 0.1 1
7 (fm)

* Hydrodynamics beyond gradient expansion

recent review: Jankowski, Spalinski, PPNP (2023), arXiv:2303.09414

Hydro attractor discovered theoretically in studies of QCD equilibration.

— Can hydro attractors be observed experimentally?

Aleksas Mazeliauskas, aleksas.eu

Kurkela, AM, Paquet, Schlichting and Teaney PRL (2018)
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Bulk viscosity:

Bulk pressure evolution

Bulk viscosity resists expansion

L. = AN = 8150,_ 1 (t)
HNSZgTZi—Peq:—CV-v Vetod——
Miiller-Israel-Stewart theory — linear relaxation _ cyclic attractor
. 10k Tew =0.5 i
—_— — — MIS solution o
T 11(¢) I1(¢) + TIns(¢) s | )
05} —=—' attractor ",f’ -
* Monotonic drive — traditional hydro attractor. 3 [ /
a(t) "t oct™™ Fujii & Enss, PRL (2024) S o0
* Periodic drive — new cyclic attractor. |
| t=37
a(t) ™ oc (14 Acoswt)  AM. Fnss arXivia501.19240
—10}
. . . 10 05 00 05 1.0
— ideally suited for experimental measurement Ms(1)/(3AwC)

Aleksas Mazeliauskas, aleksas.eu Navier-Stokes CXp ectation 42



Relativistic viscous tluid dynamics

< >
* Energy-momentum conservation: 9,7"" =0
* Equation of state — lattice QCD P,y (e) =7 >
* Constitutive equations: T% = P,y — %Q 4 Ou” :<F _
1*' viscous correction in gradients T <R
Conventional regime of applicability: near isotropic systems
= P, =T** =~ Pr=(T*""+T%)/2
hydrodynamics

0.1fm/c 1.0fm/c

approach to isotropy
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