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Strongly interacting guantum systems

> Strongly correlated quantum fluids.

¢ Quark-Gluon Plasma

e Ultracold atomic Fermi gas

> Similar Hydro flow

> Low ratio of n/s

> Described by
holographic duality

50F
L uark gluon plasma
77/ S .. \;/water . 10% il ®
20 LIPS helium, o0 ® .
\\’ ° &y coo®®® ¢ neutron stars
Ak | 1o} e ge e 10%
e * oo P [Pal)
0.5 il e ultracold Fermi gas 10"
. 6 6 \.\‘\\\“‘ Q‘ —————————————————— helzum . ol
N @ RSy 105 3 .
02 pe D - water
quark gluon plasma ~. §----"" 7 & & 0 E{J 10~
0.1F il
____________________ S (i p R e R 1/(4m) ~
holographic bounds 103 ® ultracold Fermi gas
iy i e el s S W i i B AR LR S 74 €25y 1078 10~4 1 10* 108 1012
- 0.6 -04 -0.2 0.0 0.2 0.4 0.6
homas et al (2012) & [K]




Holographic duality

n
; nls = 1/4n
o StI‘OHg -weak duality | In strong coupling limit.
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Outline

e Strongly interacting system and hydro behaviour
* Hydrodynamics as universal effective theory

* Hydrodynamies Far from equilibrium i heavy 1on collision

e Attractors in cold atoms

* Attractors and spontaneous symmetry breaking

e Summary and outlook



Quark-Gluon Plasma
> Fundamental particles of QCD

® (Quarks - Proton and Neutron

Confinement
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What are the signatures of new phenomena?
Aleksas Mazeliauskas .
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Fmergence of hvdrodvnamic
Non-central z / /
> QGP' collision / /
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Ultracold atoms

> lable-top experiment

e (Clouds of dilute fermions

* Deformed by harmonie trapping fields

* Tunable scattering length a(G)
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Fluldity in cold atoms

> Elhiptie flow

* Released from Cigar-shaped optical trap.
* |.arge pressure gradient.

e |.ow ratio of n/s in non-relativistic case.
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Hydrodynamics




Hvdrodvnamics

> Effective description of many-body physics in the long wavelength lmit.
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shear viscosity
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Relativistic Hydrodvnamics

> Macroscopic quantties of interest: v 7% =0

. . . . Uy __ U, U 122% | 22%
~ Constitutive relation: 7" = (¢ + P)u*u” + Pg"” + 11 Song and Heirz (iR

Perfec; fluid J bulk ViSCOSity
P = P(¢)

> Constitutive relation for dissipative correction:

1" = —no"* — CA*'V u® + higher order correction
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How to describe Hydro peyond
equiliorium?

- Hydrodynamic Attractors -



Attractors in Heavy-1on collision

Attractors in ultracold atoms




Attractors in Heavy-ion collision




Stages of heavv-ion collisions
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Blorken Flow: L.ondgitudinal expansion

>~ 1 —D model to describe nuclei-nucler collisions.
* x, y independent

e Boost imvariant

t2 2

> Proper time: 7= — 7

> Energy-momentum tensor:

I}, = diag(—¢&(), py(7), pr(7), pr (7)), I

Pr=P — it Pp=pP— 7

ﬂ,lll/ — dlag((), ﬂT’ ﬂT’ ]Z-L) 7[//”/ — ;70//”/

t
|
4
g
?
|
|
|
|
|
|
|
|
|
|

Bjorken Flow




Gradient expansion

~ For a conformal fluid: p=E& /3

> Evolution of energy density:

1
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Phenomenolodgical model: MIS theory

> MIS formulation: z#* independent dynamical variable, Of = €2Cx
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Kinetic theory and holographic attractors

> Kinetic theory- Quasi-particle

description

Boltzmann AdS/CFT

0.f = =0,/ = CU/] 12

T rel

> Holography - Strong-weak duality
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ATTaclors In other models & Gauss-Bonnet Gravity

> Hybrid viscous fluid model A -06[
0.63—I I l S I I -
: Aap = —0.2
0.5 M .
: —— ore viscous T e\ N
0.4 ‘\ ol
: N o R NN
i ‘\ e
\ dp
0.2+ o p—
: Y N\ Full system —
0.1- : - -<ﬂ . . . . . . |
: Less viscous : 02 03 04 05 06 07 08 09
0.0 . w
A/ S S > Hubble expansion 40 Jorge et al (2017)
0.1 0.5 1 5 2o s s s _ s
Mitra et al (2022) y
Time :

attractor

numerical

llllllllllllllllllllllllllll

Ou, Huang, Taya (2024)




Hvdrodvnamic Attractors: Universal Phenomena

> Hydrodynamic attractor: £ovolution of non-equilibrium system for arbitrary initial

conditions to the same late-time behaviour characteristic by hydrodynamic degrees of

[freedom.

> Heavy-ion collision: Auractor has been observed in an expanding boc



Implications:

> Hydrodynamie attractor in heavy- 1on collision.

® Hydr() far- from-equﬂibrium, Soloviev, review on hydrodynamic attractors (2021)

o Phenomenological implication. Mazeliauskas et al(2019)

e Rich mathematical structure. Heller and Spalinski (2015)




Attractors in ultra cold atom




Ultracold atom Fujii and Enss (2024)

> Hydrodynamie relaxation model

. . A |
e Contact interaction o Unitarity limit: — — 0

d

> Scattering length a. 1
° e 3>r1/s~().5and§/s~—2—>()

> Tunable by magnetic field. \a

¢ F'luid remains uniform and rest. a’C — constant

* |solropic expansion. ¢ # 0

Change 1n Scattering length = lsotropic expansion
Fujii,Nashida (2018)

Relative size change between the fluid size & the scattering length



Attractor in ultra cold atoms [T~ c(t) - Ceq(t) numerical

_ 1
> Bulk viscosity 3¢ loga™ (1)
1 /

~ MIS formulation
T(:dtl_[(t) + 11(2) = 11,

> Monotonice drive: Traditional hydro attractor

a()~! «x 7%

> Periodic drive: New cyclic attractor
Enss, Mazeliauskas (2025)
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0.0010 Mm

Anisotropic Periodic oscillation - ongoing work

Mitra, Mazaliauskas and Enss 0.0005

~ Periodic oscillation 1n z— direction.
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Attractors and spontaneous
symmetry breaking

Buza, Mitra, Soloviev (2024)




Attractor meets symmetry preaking
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> Transition from symmetric phase to broken

phase?

~155 MeV
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Hydrodynamic + Condensate o : condensate and y : phase, constant phase

> Couple a viscous fluid with a scalar field £ = ¢e™ of mass m ~ (T’ —T,.)

i : 1 1
> Energy-momentum tensor: V= Emo(T _T)o? + —Ac*

m=1" +T

fluid scalar

|72 % / | 20% N
Tideal + 1

> Scalar field equation




Modified fluid eguations

T,>T.
> Conservation of energy-momentum: 20fy T i
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End of attractor

> Transition from hydro-like behaviour to the symmetry breaking fixed points.

> Attractor time: Timescale from Tpyd(0 =0, y =0) to 7,(y = 0,6 # 0).
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Summary and outlook

Hydrodynamie attractor - Hydro beyond equilibrium.
Heavy-1on: Attractors observed in monotonically expanding system.
Cold atoms: Cycelic attractor.

Attractors + Gondensate evolves the system out of hydro.

e [ixperimental observation of attractors in cold atoms?
e Cyclic attractor in HI1C
* Attractor in a periodically driven system + condensate?

* Attractors close to superfluid phase transition in cold atoms?



Thank you







Plan to experimentally realise attractor in cold atoms. .
ujii and Enss (2024)

The attractor behavior can be probed in current cold-
atom experiments, e.g., in a two-component Fermi gas
of YK atoms with Fermi energy Er ~ h x 20kHz at
T/Tr = 0.25. The effect is expected to be large near
unitarity, where the bulk viscous relaxation time is pre-
dicted as 7¢ ~ 0.7Th/kT ~ 0.15ms [35]|. Let us consider
the power-law protocol with = 1/2 and 1/kra = 0.5.
As starting times of the ramp, one can choose t /7 =
0.5,1,2; the maximum rate of change of 1/kra is then
~ 4 kHz, well within experimental capabilities near the
narrow Feshbach resonance at 202 G. The attractor is
expected to occur in the time window ¢ ~(5-10)x7¢ ~
0.79—1.5ms. It will be visible in the time-dependent con-
tact, which has already been measured with 0.1 ms time
resolution [55, 56].



Stages of heavy-10n collisioNs

Hadronisation: t > 10fm/c

Fluid expansion: t ~ 1 — 10fm/c

QGP equilibration t ~ 1fm/c

Deposition of initial energy

Incoming nuclei

Mazeliauskas et al (2021)



