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Roadmap

1. Why bother?
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Setting up the stage

Consider a system with many degrees of freedom and energy V
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Protein folding
DeepMind

Machine Learning & Optimization
Amini et al., NIPS (2017)
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Setting up the stage

Consider a system with many degrees of freedom and energy V

_v
Goal: sample Boltzmann, e™ T

Hard in some interesting fields

PHYSICAL REVIEW X 12, 041028 (2022)

Thirty Milliseconds in the Life of a Supercooled Liquid

Camille Scalliet®,' Benjamin Guiselin®,” and Ludovic Berthier®™*"

Disordered materials
Berthier & Biroli, RMP (2011)

5/55



Basic ingredients

Overdamped Brownian Dynamics

x=—-VV(x)+V2T¢
(&i(t)g(t)) = d50(t — t')
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—At

p(x, t) = pa(x)e Heppx = Apx

A . _v
Steady state equilibrium solution: py x e T = pg
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Basic ingredients

p(x, t) = pr(x)e™  Heppy = Apx

V confining enough: A; smallest, positive eigenvalue

p(x, t) & pa(x) + ox, (x)e ¢

Relaxation time

1

W0
1
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Basic ingredients

P[x = x+ dx = x + xdt] x pB(x)e_f*;("‘J“VV)2

Entropy production rate

: 1 P[x — x + xdt]
Y= [ d9%pg—|I
/d Bt %8 Plx + xdt — x|

Equiblibrium Brownian Dynamics: ¥ = 0
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Basic ingredients

TR can become very large

% =—V'(x)+V2T¢
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Basic ingredients

TR can become very large

Can we reduce 7R?
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Roadmap

2. Irreversible samplers
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An insight from applied math
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An insight from applied math
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Diaconis et al., Ann. App. Prob. 2000

Lifting: extra degrees of freedom + irreversible dynamics

12/55



An insight from computer science

Quantum Speed-up of Markov Chain Based Algorithms

Mario Szegedy*
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An

insight from computer science

Quantum Speed-up of Markov Chain Based Algorithms
Mario Szegedy*

Szegedy, 45th Annual IEEE symposium on Foundations of Computer Science (2004)
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Figure 1: (left) random walk P, on the N-cycle: (right) quantum walk unitary with coin toss C, lifted Markov
chain with a stochastic coin toss C. suggesting their comparison.

Apers et al., Phys. Rev. A (2018)

Lifting or Coin toss: basically the same idea
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From applied math to active particles

Lifting: extra degree of freedom + irreversible dynamics

x=—uVV(x)+2TuéE +v
_ V()

pss(X,v) o f(v)e™ T

Dynamics of v — active samplers of Boltzmann: RTPs, AOUPs, ABPs...
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From applied math to active particles

Intuition — Run and Tumble Particle
Uniform distribution over [0, L]
X=v
1
v =vp X (£1) at rate =
-

L 12
Thirst (L) = \70 + 2
0
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From applied math to active particles

Example 1 - Run and Tumble Particle

x=—uVV(x)+\2Tu&E +v

vV = \pu

Fu—u)=vwu—u) - VVI(u-u) VV)

@® =0
@® =0
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From applied math to active particles

Example 2 - Lifted active Ornstein-Uhlenbeck

x=—uVV+v+/2uTE

1 202
V= —Sv— BRVV + 1/ "Dy
T T
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From active particles to non reciprocal interactions

Lifted AOUPs
x=—-uVV+v+/2uTE

1 2
V=—"v—BRVV +/ 2%
T T

Effective potential U(x,v) = 55— + V/(x)

2ﬂ

=10 g ] « s

with v = 5v§
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From active particles to non reciprocal interactions

i=—(1+~7A)VV +V2T¢ AT = -A

Pss X e PV
Irreversible dynamics, ¥ = %HAHE ((VV)?)

Nonreciprocal interaction among different degrees of freedom

A ~ O(1) — ~: strength of nonequilibrium drive
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From active particles to non reciprocal interactions

Active particles, chirality and nonreciprocal interactions

-0, Ve, -0, Ve,

—78, VEJ_
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Roadmap

3. One particle in a potential
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Non-Hermitian speed-up

H = Ho + vHa
Hy = Ho H\ = —Ha
<1

~ real

S\~ ivar +7%a
~—~ ~—
imaginary >0

R(7) < 7r(0)
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Nonequilibrium speed-up

Entropy production rate ¥ = Y2V V)?) = 7-{1

Dissipation proportional to activity, matters after a time 7y

24 /55



Harmonic well

V(r) =1, A = [(1) —01]

r=—(1+~A)r+ \/ﬁg

R(7) = 7r(0)
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Barrier crossing

x ==V}, (x) +V2T¢

Vaw(x) = 2% X

T time needed to cross the barrier
AV

AtIowT,T:meT
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Barrier crossing

We consider two copies of the same system with antisymmetric coupling?
e oxU
L./} = —(1+~A) {@,U] +V2T¢

with A = {(1) _01} U(x,y) = Vaw(x) + Vaw(y)

What is 77
Path during barrier crossing ?

Difficulties: not a 1d problem + nonequilibrium drift

Ychiki & Ohzeki, PRE 2015
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Barrier crossing

27 kM av
e

Ay positive eigenvalue of dynamics at the saddle point2
Our case3

T =

1
)\+—2|:k/\/]—k +\/(kM+k ) +4")/2k k/\/[:| > ky

7(v) <7(0)

2Reygner & Bouchet, Ann. H. Poincaré 2016

3Ghimenti, Van Wijland PRE 2022
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Barrier crossing

).(path - (]l - ’VA) VU(Xpath)
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Roadmap

4. Structural glasses: an introduction
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Dense fluids with nonreciprocal interactions

r = (]l —i—’}/A)F,' +V2TE;
AT =
F,'E

—A
> VV(ri—rl)
J#i
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Motion in real space
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Flenner & Szamel, PRE 2005
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Motion in reciprocal space
FS(q,t) = 5 Z e—ialri(t)=ri(0)]
J
I e

0‘8; h
= 06l “‘\‘ 8
= 0.4 \'\‘
0.2 ““‘“

) ] LYE

10* 10% 107 10" 10° 10" 10° 10° 10* 10

5
D /6"

Flenner & Szamel, PRE 2005
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Structural properties

S(a) =

1 .
Ly et
inj

0.5

0.0

—— T=0.446; 1=25000 |
.................. T=0.6; =106
———- T=1.0; 1=9.2

0.0

Kob, Les Houches 2002
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Dynamical hetereogenities and simulations

Keys et al. PRX 2011 Scalliet et al. PRX 2022
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The many temperatures of the glass transition

® Ty 7o #exp %
® Tg: Plateau of F° goes beyond experimental timescale
® Ty limioo F°(q,t) = fy # 0. Avoided in finite dimension

® T.: Thermodynamic transition, a stable glass (paradigm: mean field)

Our focus: Systems displaying Ty
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Odd transport

Hanai et al., Nature 2021
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Odd transport

0Odd diffusivity*

o3> [

) - Ar;(0))

*Hargus et al., PRL 2021
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Odd transport

Bo[r
Nabcd = V o dt <0-!:I§(t)(]l + ’VA)beUIaI:> ab - Z lij,a U b
’7£J

Odd viscosity®

NL = Mxoxy — Txyxx

®Banerjee et al., Nature 2017
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Roadmap

5. Numerical exploration
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Numerical exploration

Binary Kob-Andersen mixture ©

bi=—BDp Y (L+7A)V Vo (lri—
J#

Vas(r) = e | (722) = (722)°] .m =

%Kob & Andersen, PRE 1995

Kjl) + v/2Doé;

0 -1 0
1 0 0
0 0 O
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Numerical exploration

Na

£%(t) = <[r,< ) - ri(0))

’yzO:p:1.2,Td:0.435
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Numerical exploration

_ A(t)
b= lm Sar
Y
11 4 ;Pﬂ¢ o
= 2
S . ' THPY
s 7 * x * 8
E 5 * A -
53 L R Ak S "&
Q *® A o __A
11888 334 P s lll“ﬁ

104 10-3 10-2 10! 10°

Can we rationalize this result?
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Numerical exploration

+o0
D, - /0 ((£)y1(0) — 3i(£)xi(0))dt

Fresh

ﬂom the
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Numerical exploration

+o0o
D, = /0 (5(£)y1(0) — 3i(£)xi(0))dt
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Can we rationalize this result too?
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Roadmap

6. Fluid in infinite dimensions
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Infinite dimensional fluid

A system of interacting particle in d — oo dimension

Cri = (1 + yA)F; + \/2T(E;
Fi= ZVVIH —r;(t)])
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No time to address during the live presentation!

Oral summary: Results consistent with the simulations.
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Roadmap

7. Mode coupling theory
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Mode coupling theory

ti = DoB(1 + vA)F; + /2Do&; 8 09 °°°°
F,-:—ZVV(|r,-—r-) oo‘ﬁoo o
- ’ 009609
JF ﬁ‘:. ‘iE’ 1"> ‘:f‘:’
$099306;
680006

0 -1 0
A=1]1 0 O
0 0 O
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Mode coupling theory

Input
Static structure factor

1 —ik-[ri—r;
S(k)zn<Ze < f]>
i

4
— $=0.450
— $=0.480
3+ — ¢=0.500
— $=0.516
= — ¢$=0.530
> 2f
1+
0 1 1
0 10 20 30

kd

Janssen, Front. Phys. 2018
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Mode coupling theory

Static structure factor

Input

sw= L (et
i
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Janssen, Front. Phys. 2018

30

Dynamical structure factor

Flk,t) = % 3 ikl -r(0)
ij

0.2

0.0

Output

supercooled
liquid

102 100 102

time t

Janssen, Front. Phys. 2018
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No time to address during the live presentation!

Oral summary: Consistent with simulations.
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Roadmap

8. Outlook
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Outlook

1074 1073 1072 10°! 10°
T—l

Generalised Mode Coupling theory?
Acceleration below the MCT crossover?

% % 4.5
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Numerical feasibility: Monte Carlo implementations?

Sorting out ingredients (rescaling, memory, irreversibility)
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