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Attractor in heavy-ion collisions

fluid behavior observed

. 0.5 P./E .
already soon after collision, | AdS/CFT late-time attractor

before Navier-Stokes valid

model calculations show 5 10
converge on attractor for

different initial conditions

observe real-time dynamics
N experiment”?

Kurkela, van der Schee, Wiedemann, Wu PRL 2020
Berges, Heller, Mazeliauskas, Venugopalan RMP 2021



strongly interacting Fermi gas
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dilute gas of 4 and ¥ fermions with contact interaction
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hydrodynamics in a Fermi gas: sound diffusion
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Patel et al., Science 2020; Li et al., Science 2022; Yan et al., Science 2024



Strong fermion correlations

scontact“ (many-body) few-body

\ |

pair correlation g'9(r) = (ﬂT(r)ﬁl(O)) ~ (C ( )2 + ... o S r </
rooa
contact operator: é(x) = gg ny(x) iy (x) = AT(X)A(X)
local pair A(x) = gow (X (x)
Hamiltonian H = Hn, . = Hyesonant ; breaks scale invariance for - #* 0
0

Fujiit & Nishida PRA 2018
Frank, Zwerger & Enss PRR 2020



guantum many-body theory

Luttinger-Ward approach (2P)

repeated scattering
between particles

fermion spectra
N medium

Haussmann et al. 2009; Johansen+ 2024; Enss 2024; Dizer+ 2024
Enss, Haussmann & Zwerger 2011, 2012, 2019
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solving the Luttinger-Ward equations In real frequency

R V2 N N V2
H = Z/drw;“(r)( — M(,)%(r) S = [dr/o dr_;wg(af — m;)wo-
1 i
+ g0 / dr (0| ()Y (1) Y4 (). = AP = YIUIA = ATy |,

imaginary frequency: continue analytically (=> E. Gull, ERG 2022)
directly in real frequency (Keldysh in equilibrium):

ImTR(p. &) = — 7 / [£(e') + ble + )]
/ca m P
— > = > > = >

) oy xA,(p+pe+e)As (P, €).

p
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X A — D, w— E&).
Johansen+ 2024; Enss 2024: Dizer+ 2024 1g—p )




palr spectrum

sharp peaks In real frequency: — ImG-
—— ReG™!
4 - — Spectrum

convolution by Fourier transform
Johansen, Frank, Lang 2024

adaptive mesh to resolve peak
Dizer, Horak, Pawlowski 2024

inearize inverse propagator
between grid points

Enss 2024
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Fermions and pairs at unitarity
Enss PRA 2024

15

(a) —Im Z,(p, €)/ €

10.0 1.68
7.5 1.44
5.0 1 1.20
254
“ L 0.96
2 0.0
W - 0.72
_2.5
55 0.48
~75 0.24
~10.0 0.00
0 1 2 3
p/ ke p/ Kk
(©) —Im 2,(q, w)/po (d) " Ap(q, w) coth(w/2T)po = iGK(q, W)po
10.0 10.0
3.6
7.5 7.5 -
5.0 5.0 -
2.5 2.5 -
U L
% 0.0 4 1.8 0.0
—25 1.2 55
~5.0 06 _504
~7.5 0.0 -7.5
~10.0 0.6 —10.0




(a) (b)

—lm 24(p, €) / €F Ao(p, €) €F
107! - 10.0
= ] 3.15
w ] 7.5 -
c"> _ c 0 2.70
0 B u
E ] S 0.0 - 1.80
| | W . e—
0 254 - 1.35
c 1071 -
g 5 _50 0.90
L j ~7.5 0.45 .
102 - ~10.0 000 1004 105
-15 -10 -5 0 5 10 15 0 1 2 3
(c) elT p/Kgr
(c) I N . ~K ¢ ‘
A,(q, w) coth(w/2T)po = iGK(q, w)po
0.0020 10.0 T 10.0 - 4 0l
A — -Im2f coth(w/2T)
~ 7.5 1 7.5 -
e 0.00157 —__ retarded -Ing
N 5.0 - 5.0 -
% 0.0010 - 2.5 2.5 -
- ")
O =~ —
I 0.0005 - 3 0.0 0.0
% \/;J —2:2 w2
N
g 000004 _-——==7T 5.0 5.0 -
| /” 7.5 7.5 1
6 —0.0005 1< 1 — /. —7.
—— \\ ’/
T ~ ~10.0 ~10.0
—0.0010 | | |
—20 —~10 0 10 20

w/T

Fermions and pairs at strong binding (BEC side)
Enss PRA 2024



Transport In linear response

Nno assumption of ,molecular chaos”
INnelastic scattering

shear viscosity from stress correlations (Kubo formula)

n(w) = 1 Re /OOO dt ei“"t/d?’x < [ﬂmy(w,t),ﬂw(0,0)D

oy,
physical ingredients:
.
N(w) = @ < I > @ Q (resummed to
infinite order)
(S) <AL
+ transport via fermions and pairs (superflmd fluctuations)

Enss, Haussmann & Zwerger, Annals Physics 2011




Dynamical stress correlations (shear viscosity)
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phonon contrib.
Luttinger-Ward theory
Kinetic theory

[ L

phonon
contribution

~ T8

superfluid

Shear viscosity/entropy
of the unitary Fermi gas

——

lowest friction of
any nonrelativistic
quantum fluid

T/Te 10

Enss, Haussmann & Zwerger 2011




pbulk viscosity probes scaling violation

Kubo formula: pressure correlation function cf. Fujii & Nishida PRA 2020
1 [ .
C(w) = —J dte’”tjdx ([6p(x,1),6p(0,0)])

@ Jg

dilute quantum gas: pressure fluctuations

2 A C a A a . aH
5p = —H 1 (—p>nH _ (—p)Eﬁ (5 function —nt)
3 127ma oFE on dln|a|

bulk viscosity prolbes contact correlation (local pair fluctuations):

Sl > 0) = ij dteiwtjdx {l Cr,) €(0.0) 1) ~ ([ATA(x, 1), ATA0,0)])

w J, 127zma’ 12xma

—nss PRL 2019; cf. Martinez & Schafer PRA 2017, Fujii & Nishida PRA 2018




dynamical bulk viscosity (Luttinger-Ward theory)
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transport peak (Drude form)

A

width 771 =~ 0.6 k,T/A:

T-linear scaling of scattering rate
independent of density!

contact tail C/w??
at high frequency

Enss PRL 2019



guantum degenerate regime (Luttinger-\Ward theory)

strong enhancement in quantum degenerate regime (¢ > )

bulk viscosity & (k-a)*/n
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Enss PRL 2019

larger than kinetic theory
prediction for T < T,

gz (P—2E/3 )22 (C/d)2
n P P

cf. Fujii & Nishida PRA 2018



attractor Fujii & Enss, 2404.12921

arive scattering length => resonance parametrization of transport peak:
oC o—(t=1)/T
(fast, then slow) [~ T ( _1) —
oa 0 T
160) Jt dr o) Sa~ (1)
- oa—1(t) , St out-of-equiliorium contact

1.6
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a(t) ‘|‘ ~ l— a 7
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hydrodynamic perspective: effective field theory Fuji & Nishida PRA 2018

+effective Hamiltonian +continuity equation

H=H, .+ ¢ 0.H + 0,0 C oa
— S — (). = —0.d
950 Adrma(t) t =t dam !
a(t) acts as ,external field” - |
conjugate ,magnetization“ C * constitutive relation
5= 2 H + ¢

. dissipati p== —

dissipative bulk pressure 3 12 71ma

C(1) - Cogla(t)
12zma(t) _ ’

a
withdrive V., =V - v — d—
a

n(t) =




attractor solution Fujii & Enss, 2404.12921

. Navier-Stokes: (t) = — C V

d
. from microscopic computation: 7z + 7 = — {V, ~ 7172

- analytical solution
m(t) = m, e T 4 g (), attractor 7z, () ~ ye "' I'(=2a, — t/7)

- long times 7/t < 1: &, . term nonperturb. (nonhydro mode)
..~ (/)] + Qa+ Delt + ...]

2nd order
- asympt. series a, ~ (n + 2a)! (Borel resummation)



attractor solution Fujii & Enss, 2404.12921

C(t) — Ceq(?) numerical
L0/ s Qttractor
0.8 ideal hydro (Oth)
0.6 — — - Navier—Stokes (1st)
0.4 — — - 2nd-order hydro
0.2 T —
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conclusions arXiv:2404.12921

+cold atom experiment can probe hydrodynamics
beyond Navier-Stokes in real time

+ probe isotropic expansion & local dissipation
by external drive (ho moving parts!)

- quantum transport theory 7~ 1’ (density independent)

+ dynamical response functions In real frequency

- far-from-equilibrium response: Keldysh (ongoing)

+ open PhD & postdoc position



