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Quarkonium suppression
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Quantum master equation
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Quarkonium suppression
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Quarkonium suppression
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Solving the master equation gives the evolution of
the bottomonium
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To simplify the equation one can expand in E/T
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To simplify the equation one can expand in E/T
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The master equation is not positive
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The master equation is not positive
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Projection on spherical harmonics

dp(t)
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Quantum trajectory algorithm

J. Dalibard, Y. Castin, and K. Mglmer, Wave-function approach to dissipative

processes in quantum optics, Phys. Rev. Lett. 68 (1992), pp. 580-583. 1.0t
e |dea: ol
1. Evolve individual trajectories |¢ (t)>
0.8
stochastically

2. Calculate observables by averaging &

0.6

over trajectories

(0) = E[(()[O]4(1))]

0.4r¢

0.71

14




Quantum trajectory algorithm
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Quantum trajectory algorithm A perfect

scaling )
J. Dalibard, Y. Castin, and K. Mglmer, Wave-function approach to dissipative ) ‘\ Quantum
processes in quantum optics, Phys. Rev. Lett. 68 (1992), pp. 580-583. trajectories
e Idea: Speedup
1. Evolve individual trajectories
. usual HPC
2. Calculate observables by averaging >
. i Number of
over trajectories
Cores
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Omar, H. B., Escobedo, M. A., Islam, A., Strickland, M.,
Thapa, S., Vander Griend, P., &Weber J H. (2022).
Adva ntages: Computer Physics Communications, 273, 108266.

e Evolve vector of size N;; instead NJ%I density matrix

Tu-" e Simulation of individual trajectories is embarrassingly parallel .



Overlaps lead to phenomenological predictions

Brambilla, N., Magorsch, T, 1
Strickland, M., Vairo, A., & Vander
Griend, P. (2024). Physical Review
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At low temperatures the E/T expansion converges slowly
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The original master equation is not positive
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The original master equation is not positive

Non-positive master equation
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Unraveling of general master equations o
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Unraveling of general master equations

Becker, T., Netzer, C., & Eckardt, A. (2023). Physical Review
Letters, 131(16), 160401.

Challenges:

1. Sign problem: [E[s(t)]= exp [—2 /t ZTZ?(S)dS]

2. Tailed distribution: Var[<¢(t)|0‘¢(t)>] large

Tu." Works for small lattices, i.e. [V, ~ 150
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Becker, T., & Eckardt, A. (2025). Physical
Review E, 111(3), 034132.

0 perator opt' m|zat'ons Becker, T., Netzer, C., & Eckardt, A. (2023).

Physical Review Letters, 131(16), 160401.

@ p(t) = il p(o)) + (LooLl — S{LL Lo p()} ) — (LopLt — L(LVL_,p(0)

Optimal form of time-local non-Lindblad master equations

Tobias Becker!'* and André Eckardt!:T
! Institut fiir Theoretische Physik, Technische Universitit Berlin, Hardenbergstrasse 36, 10623 Berlin, Germany
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Becker, T., & Eckardt, A. (2025). Physical
Review E, 111(3), 034132.

O perator opt' m|zat'ons Becker, T., Netzer, C., & Eckardt, A. (2023).

Physical Review Letters, 131(16), 160401.
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Becker, T., & Eckardt, A. (2025). Physical
Review E, 111(3), 034132.

O perator opt' m|zat'ons Becker, T., Netzer, C., & Eckardt, A. (2023).

Physical Review Letters, 131(16), 160401.
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Becker, T., & Eckardt, A. (2025). Physical
Review E, 111(3), 034132.
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Becker, T., & Eckardt, A. (2025). Physical
Review E, 111(3), 034132.
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Becker, T., & Eckardt, A. (2025). Physical
Review E, 111(3), 034132.
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Physical Review Letters, 131(16), 160401.
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Truncation

ZP(t) = —ilH, p(t)] +

(LopLl = FELLaple)}) = (Loptl - SE L pte)))
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Truncation
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Truncation
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Chromoelectric correlator
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Relation to transport coefficients
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Chromoelectric correlator
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Definition in terms of spectral function p(w)
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Correlator model
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Correlator model
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Correlator model
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Thermal correlator
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Chromoelectric memory timescale
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In-medium width
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H g simulation
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Jump simulation
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Operator norm
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Summary

e At low temperatures our
master equation is not positive

e QOperator optimizations lead to
efficient Lindblad truncation

e [Efficient simulation of
quarkonium dynamics at low
temperatures

Outlook: - Correlator study

Tu'" - Pheno with Hydro
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Quantum Trajectories Yo eg: U =1 — iHgot

1. Evolve state |¢)(t)) with Hog = H — %CTC

Y (t + 0t)) = Ulp(t))
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Quantum Trajectories Yo eg: U =1 — iHgot

1. Evolve state |¢)(t)) with Hog = H — %CTC

Y (t + 0t)) = Ulp(t))

2. Compute norm

(W't + o) (t+dt)) =1 —dp < 1
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Quantum Trajectories " e9: U = 1 — ilgot
0

v

1. Evolve state |¢)(t)) with Hog = H — %CTC

Yt + 6t)) = Ule(t))
2. Compute norm
W' (t+ o)W (t+dt)y=1—dp<1

3. Apply jump operator () with probability 5p

P ([(t +0t)) = Cly(t))) = dp
P (|9t +0t)) = [¢'(t+6t))) =1—dp
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Quantum Trajectories o

TUTI

eg: U =1 — 1Hegot

v

1. Evolve state |¢(t)> with Hog = H — %CTC =z

Y (t + 0t)) = Ulp(t))

2. Compute norm

(W't + o) (t+dt)) =1 —dp < 1

3. Apply jump operator () with probability 5p
P (|y(t+dt)) = Clp(t))) = dp
P ([t +6t)) =[¢'(t+6t))) =1—dp

4. Normalize |¢(t + 5t)>
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Pseudo Lindblad
Quantum Trajectories

Becker, T., Netzer, C., &
Eckardt, A. (2023).
Physical Review Letters,
131(16), 160401.

d

G0 = —ilH 0]+ (Lapll = SHLLLepte)}) = (Loptl = SE L pt0)) )
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Pseudo Lindblad
Quantum Trajectories %o 5(0) =1

Becker, T., Netzer, C., &
Eckardt, A. (2023).

Physical Review Letters, 1. Calculate rates T's
131(16), 160401. ||LU|¢(t)>||2

AARTTIONIE

two jump operators

L. L
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Pseudo Lindblad two jump operators
Quantum Trajectories Yo s(0) =1 Ly, L_

Becker, T., Netzer, C., &
Eckardt, A. (2023).

Physical Review Letters, 1. Calculate rates T's
131(16), 160401,

L)
T )
2. With probability 0t
Bt + 61)) = L+Lw((tt))> s(t + 6t) = s(t)
With probability r_dt
[ (t 4 0t)) = L‘;D((?; s(t+0t) = —s(t)

TUTI .



Pseudo Lindblad two jump operators
Quantum Trajectories Y0 s(0) =1 Ly, L

Becker, T., Netzer, C., &
Eckardt, A. (2023).

Physical Review Letters, 1. Calculate rates T's
131(16), 160401,

MR -
T )2
2. With probability 0t
Bt + 61)) = L+Lw((tt))> s(t + 6t) = s(t)
With probability r_dt
[(t+ 6t)) = L‘Lw((?; s(t +0t) = —s(t)
With probability 1 — Zfr(,ét
TI_ITI [(t + 6t)) = (- WHHGHW( ) s(t+0t) = 8(t) o
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Pseudo Lindblad
Quantum Trajectories

Becker, T., Netzer, C., &
Eckardt, A. (2023).

Physical Review Letters, t J—
131(16), 160401. P —

E [s(t)]3()) (P ()]
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Pseudo Lindblad 5(0) = 1
Quantum Trajectories ’ ¢ B

1. Draw py € [0, 1]. While R(t) > p1 evolve

_exp< / Z ds) eXp( 1, Heﬁ(s)ds)
exp (— ftt > ri(s)ds)

L; 2
0= 0=
2. Draw Jump operator ¢ with probability o 7; (t) and perform jump
. Lily())
(O«

3. Flip the sign bit if the applied jump operator is a negative one

TUTI s(t) < —s(t) 54



Pseudo Lindblad
Quantum Trajectories

p(t) = E[s(t)|(2)) (P (#)]]

E(t) — () Sign problem

5(t) = exp —2/0 Zri,_(s)ds

Minimize negative R AGHIE
rates G TTONTE
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Because trajectories can have large norm, we are
sampling a heavy tailed distribution

L 1013

exp (—z' ftt/ Heﬁ‘(S)dS>
\/exp (— ftt/ > fri(s)ds)

() =

Norm can grow

Value (log)

Tr[Ap(t)] = E[s(t)(y (1) Al1(2))]

Tailed distribution: Takes many samples to converge 10000 5000 0

TUTI s6



Becker, T., & Eckardt, A. (2025). Physical
Review E, 111(3), 034132.

Becker, T., Netzer, C., & Eckardt, A. (2023).

Operator optimizations Physical Review Letters, 131(16), 160401,

Global optimization Local optimization

adrgminHL’_H2 argmin(y|LTL" |4)
W, ¢ W, ¢
6= — arg [Tr(L, LD)] 6 = —arg |(WILLL.[o)]

OTe(L, L) - 2 |(ILLL )
To(Ls L)) + Te(L_LT) A N[V AR

1
w = Qarctanh (
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Connecting to phenomenology
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Connecting to phenomenology

centrality
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Con neCti ng tO pheno m e nology 2(3???202??1 _e4t7e.1l. Journal of High Energy Physics
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Connecting to phenomenology

Detector

direct production

Feeddown matrix

( ) S(C) ’ Edirect)i

1
Oexp

Ria(c) =

S B 1= experimental
Odirect = £ Oexp observation
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