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Nonthermal attractors
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The prescaling solution

Make prescaling ansatz
f(t,p) = A(t) fs(B(t)p)

Determine prescaling exponents from Boltzmann equation via separation of variables
1/Boc = (1 = pa)o — pi3

%f(t,p) = Alt) % " %5 | 5’1@] /s(p) Bt)! VP~ _ 1 _lo+p-0plfs(P)
= A(t)* B(t)*C[fs](P) - oB(t)  Di C|fs](P)
and relevant conservation laws Full prescaling dynamics from same ingredients as scaling !
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Approaching the IR attractor .- (5;) R
Prescaling ansatz f(t’ p) — A(t)fs(B(t)p) A(t) = exp [/t Ew agf’)] , 400

Poo Boo
B = (52) "~ () T L] = ()

tref tref

B(t) = Boo 2 ® Boo + Boo 5 + - -

—_— .
7 8 910 20

=
o

=
3

(t/ter) > =(|p|/Q)* f (2, |p]) x 10*

0 1
| T T T 1wt
A(t) = B(t d Rescaled Momentum (t/tref)gﬁb‘p‘/Q Rescaled Momentum B(t)‘pVQ
=B B() = n(0)E () /(EWn(te)) 4



Prescaling in a Bose gas
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Breaking of scaling in QCD KT

Debye mass in QCD kinetic theory breaks overall scaling

Of(t,p) = CECDHLA(E, P) + Cocnlf1(t P)
Coenlf](t p) « |ME" = [IMy7 1 [mp(t)]

mp(t) ~ [dpf(t,p)/p
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Effect of scaling breaking terms in FP
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Closing hydrodynamics with kinetic theory

Energy-momentum conservation Israel-Stewart: Causality & Stability
pr Closure
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Construct equations through kinetic theory:  7#v — / AKE K fr. € = / dK (w,k") fie
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Initial idea: Denicol & Noronha, NPA 10005, 121996 (2021)



Far from equilibrium hydrodynamics
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Direct energy cascade:

Dynamics of transport coefficients:
t — t* . t _ t* _
n(t) = 7, Tx(t) = Tn
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Direct energy cascade: z°: €
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f(ti,p) = no/g*exp |—p?/Q?]

In QCD Kinetic Theory
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based on Heller, Mazeliauskas, TP, Phys. Rev. Lett. 132, 071602 (2024),

Summary Berges, Denicol, Heller, TP, 2504.18754

Prescaling: Find universal scaling in the experimentally accessible finite-time dynamics by
accounting for the initial-state dependent effects.

Hydrodynamics: Hydrodynamic excitations near nonthermal attractors characterized by time-
dependent transport coefficients.

Outlook

Applicability to ab initio simulations with broken homogeneity, e.g. via KeMPaST

Study universal scaling in cold quantum gases far from equilibrium:

~» Scaling breaking perturbations through time-dependent tuning of interactions

~ » Perturbations of isotropy or spatial homogeneity to study power-law isotropization of
pressure or evolution of far from equilibrium transport coefficients, e.g. n(t) ~ ¢



Thank you for your attention !
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Backup



See also: Micha, Tkachev, PRL 90, 121301 (2003),
Berges, Rothkopf, Schmidt, PRL 101, 041603 (2008),

The derivation of scaling s e e,

Make scaling ansatz:

F(t,p) = (t/tret) ™ fs((t/tret)" |P])

Determine scaling exponents via scaling relations from Boltzmann equation:
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and relevant conservation laws such as energy or particle number A
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Direct energy cascade
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Elastic collision kernel
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Dependence on an experimental clock variable
tuni = ¢ — t*
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1 / A > 1 Micha, Tkachev, PRD 70 (2004)

Weak wave turbulence

_ d
Make stationary turbulence ansatz fo=1p| " fi wp = |Plwi /p = d'p/(2m)
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Similarly, for relativistic particle cascade K = d — 3 Relativistic energy cascade
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non-thermal attractor
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Kinetic theory calculation
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14-Moment expansion

Expand around isotropic background in moments up to second order:

Jx = fox + 0 fx, 0 fic = fox (€ + k*e, + kHkVe,)
With linearized collision kernel:

15
2N4 (1)

v

o = ¢

1

jo
uﬂk

1
6C = / dKdK'dPdP’ k(oks) Wik - pp’ [E fop fop' fox (k<%5> + 2p<0~’pf3>)

1 1
—1g /o Jop Jox (k"(ak"@ i 219(@196)) + = fox fox fop (kf(akm + KR +P<ap“6>)]

23



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23

