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* Hydro long time tuned to means (v, spectra) > noise sub-leading
* Fluctuation observables are history-dependent = requires
early late
-—— > < > u“(a:),T(a:)
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Background from the code GE (t,k | to)

Tiny impulse at ¢, and at mode k
N2 = 2TX Dk2‘

Record response with time: GZ (¢,k | t,)

ty
Read the cumulants at s 6,1,k = (Gu(es, b W Cattusb) + [ df (Gt 5B 2TXT(E, 1)
ty D —

M(tlvt,;k) —

T ——— [\ ———
memory hydro build-up
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2. The aim of this talk

We don’t just follow fluctuations;

We identify when their dynamics becomes universal.

We bring intuition from holography.

* We propose two conjectures about the late-time dynamics of correlators in

large-N, strongly coupling quantum field theories

We test our conjectures in a SK-EFT which describes a class of such theories.
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No decay = no thermalization! Exponential decay = fast thermalization!
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Strong coupling = pole-dominated
G(w, k) = (O(w,k)O(~w, —k))

non-conserved operators

eg., O = trF?
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Im w

(O(H)O(0)) ~ e

[Horowitz, Hubeny PRD (2000)]

conserved operators

e.g., O = JM

-2 2

d
T

=57 Imto

(O(t)0(0))

[Kovtun

~ €

'

PR (8 — o0)

Starinets PRD (2005)]

How long does it take?
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5. Hydrodynamization time

The time at which:

correlation function from micro - hydrodynamic correlation function:

G(tak) 9 B_Dth

* More precisely:

Dins tlvk —D 4
th(k):min{t: Ve Dins D) | < n and ‘i(;k’fg—l‘<5}
1 d
D'ns ) =—5 1 )

* For 2pt functions in holography

ty can be found numerically
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6. Which hydrodynamizes faster?

What about higher-point functions?!

Naive expectations in holography:
» 3-pt faster: interactions enhance relaxation
(effective gap = sum of damping rates)

e 2-pt faster: interactions enhance complexity!

There is no clear intuition!

This question sets the stage for our main conjectures.
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7. What we explore

Symmetrized n-point function in momentum space

G e orllapmss ; Trl0iky; 560 s ko) = /dwl coilwn_y Gr, - ,'r(wls. T SPRRL akn) i LU
—— ——
T

n

wi+ - +w, =0
kl+..'+kn:0

* Equilateral momentum configuration: .
ki| =---=|kna| =k

ky

ke

e Time-ladder correlators; (ti,...,tn-1)=

* The object we study: Gr, .- .r((n — i, (n—2)t,--- Ok)
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* TDL — Triangular-number Decay Law

Claim: In a holographic system, each leg contributes a factor

e—Dk2 X (its propagation time)

k,
th=1 —»——<4+—12=0

.2
e DEt 1

t;g = ()

* Ingeneral, we sum the ladder: (0 +¢ 4+ 2t +--- + (n — 1))

* Inlarge-N strongly coupled systems, the late time envelope is

G,

PICIEIR

N—_——

n

,T((n—l)t, (W—2)L; 55 = 5, 0; k) ~ exp

[—&Dﬁ% S, =

n(n —1)
2

Dy

1,3,6,10,15 (n = 2,3,4,5,6)

Envelope only; model details enter subleading prefactors.
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* HTI — Hydro-Time Independence

Hydrodynamization happens once the shortest propagation time t is hydro.

to=t — > a1y =0
2

* For the time-ladder kinematics the minimum leg time is t.

This suggests:

* Inlarge-N strongly coupled systems, hydro-dynamization time for G (=t =2t 1,08
doesn’t depend onn

t (k) ~ 7 (k) (large N)

Assumptions: large-N, pole-dominated spectrum, equilateral k
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10. Testing pipeline

Goal: measure full time-domain 2-pt and 3-pt in a microscopic theory.

Status in holography: time-domain connected (nnn) has not yet been computed

— we use a controllable kinetic model first.

Our microscopic model:
Interacting Effective field theory derived from kinetic theory in RTA

RTA = SK-EFT

Compute Grr ' Grrr

* Verify KMS
. (2) ,(n)
Extract th : th
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11. Analytic laboratory: RTA with constant T

* Kinetic theory in RTA with a constant tau

(0%
D Uy

D

pya,,f(t, X, p) + Fav(ap)f(tv X, p) = (f - fGQ)

e Calculating retarded Green’s function
L+ (- )k n (S )

0,0
1— =2 In(— “7p
2tkTp w—{—k}—}—%

™1 > 1
kt,=10
0~4 Tt Tttt 04 1 I 1
02F 1 02F
of . of .
02 . -0.2F .
! ] " X ]
§-0.4_ _ §-0.4_ ]
E-06} s E-06} -
-0.8 . -0.8F b
1 [ ] 1-_ x X X x X x x X X x ]
-1.2-— ] -1.2F .
[ PR PR IR U N T T T ST ST N ] [ PR N S U T T T T T S R ]
-1 -08-06-04-02 0 02 04 06 08 1 -1 -08-06-04-02 0 02 04 06 08 1
Re w/k Re w/k
Weak coupling Strong coupling

[Romatschke Eur.Phys.).C (2016)]
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* Boltzmann eq. in RTA: Df = A
T

D f(O)_ f_f(O)
1"‘7'D T

e Resummed diffusion e b () = 0
9 /Q 1+7‘Dn )=

D= (9t+v-V

T

f(o)(l',p) = exp [_ p——,u(:/v)

|

[NA, Rischke JHEP (2025)]
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* Boltzmann eq. in RTA: pf— 1= D=4 +v-V
T 0 — u(z)
D o f-O FOtep) = | 27
1—|—7‘Df B T
 Resummed diffusion e / D () =0
9 Q 1+7D =

[NA, Rischke JHEP (2025)]
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e KMS fixed Lagrangian Lfree[n,%]:/ l(D¢“)1+1 S +iTo (D4, (#) D¢a]
Q

1+7D /4
D = 8t+'U'V
g =XT

e Standard techniques:

1 ?InZ
GSO o\ =P) = 5
7050(P, =P) i2 6 Aao(—p)0 Ao (p)
w+tk - rHw—k
= =2xTT + xT 47-k—zln(__ —’“) +Zln<%+w+k)

2k L —w+k itw—k
1t (5) ] [1 - aen (5]

[NA, Rischke JHEP (2025)]
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[NA, Rischke JHEP (2025)]

==2X1T1 +

T
* FD theorem GJoo(w,k)= ImGJOJo(w k) 2 reproduces Romatschke

[Romatschke Eur.Phys.).C (2016)]

* Next step: 3-pt!
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14. Beyond linear

Wilson idea: all coefficients depend on, expand:

) 2
on(p) = X(S/.L-I—X’%-{— Cee T(w)=7+76u+..., o) =0+ du+...

* KMS:

o =xT, o =xT+xT

Result: Cubic SK-EFT enables 3-pt

/ /
3) _ T D D ,TU_ D D
£ /Q[ Xn(l—l—TDn)l—Tnga-l_l Xn 1—|—TD¢G 1—TD¢G

Symmetrized 3pt

!
(lengthy result!) 1 1y [NA, Rischke JHEP (2025)]

Grrr(plap2) = i_36Aa0(—p1)(5Aa0(_p2)5Aa0(_p3) [Wang , Heinz PRD (2002)]
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15. Final results: testing the conjectures

* We perform invers Fourier analysis on our EFT results:

Blue: All order EFT / \

Red: first-order hydro Gr(t, k) G (2t 1, k)

A’lT = A‘QT = A‘;;T =10

-(2t,t,0) ]

G,

...................................

° u_ t/7 .
[ongoing]
Holds!
* HTI: tglz)(k) = tg?’)(k) (within numerical error)

hydrodynamization time is universal




16. Conclusion

In large-N systems whose late-time dynamics are dominated by a small number of
long-lived modes:

* TDL: S, — "(nz_l) controls the late-time envelope.

* HTI: t%”) ~ tf) = simulate 2-pt to calibrate the hierarchy.
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17. What about expanding backgrounds

Can these conjectures be generalized to expanding backgrounds?

[Heller, Janik, Witaszczyk PRL (2013)]
[Akamatsu, Mazeliauskas, Teaney PRC (2017)]

In Bjorken flow, we naturally have two competing time scales:

o 1
Texp ~ T the expansion time-scale => 0 -

2. Tdiff ™~ DLkz Diffusion time - Fk‘ ~ Dk2

@ Away from the Critical Point: ' >0,

Conjectures hold 3 The Phases of QCD

Quark-Gluon Plasma

@ NeartheaQcDcep: I'y < 0,

Need Hydro+ or quasi-diffusion

Temperature (MeV)

[Grozdanov, Lucas, Poovuttikul PRD (2019)]

[Stephanov, Yin PRD (2019)] Nuclear

[NA, Kaminski, Rischke 2506.20500] N AR T . T

0 200 400 600 800 1000 1200 1400 1600
Baryon Chemical Potential p (MeV)

[BEST, Nucl.Phys.A (2022)]




Thank you for attention!



