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Abstract

We propose a three-dimensional mathematical model that dynamically couples a quantum field and a single-
degree-of-freedom classical barrier, inspired by operator-algebraic ideas. The quantum part is governed by a non-
linear Gross-Pitaevskii equation, whereas the barrier follows Newtonian dynamics with a Hellmann-Feynman
feedback force and a tensegrity-like restoring force. Through numerical simulations, we observed and analyzed
a stable coupled motion, where a self-trapped quantum soliton travels together with the barrier. Furthermore, to
investigate its physical relevance, we introduce dissipation into the system. We demonstrate that this state exhibits
remarkable robustness against strong dissipation and reveal a key new feature: a sharp, first-order-like phase
transition at a critical damping threshold. This robust coupled state may provide a new theoretical framework for
understanding loss-less information transport in complex environments such as intracellular processes.
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#:1: Key symbols and simulation parameters.

Symbol Meaning Value (dimensionless)

P Quantum field wave function ~

u (zp) Classical field displacement -

A Barrier potential amplitude 0.1

o Barrier potential width 4.0

g Nonlinear interaction strength -15.0
Kmech Restoring force spring constant 10.0

M Effective mass of the classical field 50.0 (Standard)
k. kick Initial momentum (wavenumber) 0.15 (Standard)
vy Damping coefficient 0.0 — 2.0 (swept)
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Fig. S1: Analysis of Conservation Laws in Numerical Simulation
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Fig. S2: Effect of Effective Mass (M) on System Dynamics

------- Barrier (M=25, Lighter & Unstable)
—— Barrier (M=50, Standard & Stable)
o ---- Barrier (M=100, Heavier & Stable)

Position of Barrier (z)
1
A
(%2

0 5 10 15 25 30 35 40

Time t (dirﬁgnsionless)
X2: BxhEE M) PROXAFITRAZE X502, FHEZME: knen = 10,A = 0.1,0 =
4.0,k xick = 0.15. M 2YNZWIEE (M=25, R xfR) . IRENITAL SALEIZRE. M PREWIZ
¥ (M=100, EEs) . IRENIFRP A CEI S A3/ 5. FEHER 7 M = 50 (BREHE) T, mHH
RN R L EREEBE DB S N7z,

3.4 HELEICX Y BEMRME CEERS

RETIVOYHIKZ Y2 RGEET 5 ET, BOAERE N TOZEN IO CHEERFEE 25, K2, M
JE NI AEAE S BHBT 2 ETF AL T 5728, Section 2.1 TREHE L - HIE 2 &k il (82 B
BRE o, TOWBEN Y 2L LI, RO F IV AERHELS,

AMEEDISHENVE 2 IR T B 72D, T FHERIAT v 7% At = 0.0005 (2 E L, SHERYIalL—va
VEFEMLUZ, ZhiE, FHEFEECHAERRLUZBOAT Yy 714 X (At =0.001) 2F @I E2ZHDT
HY., FEFEEPEEAT Y TOHIITHREFELRWI L 2RI T E2ZODA NV ATANTH S, TOHE
F. L OHWEBAT Yy TT/RONRRE I, BHShRBE»BUEHE Lo —F4 772
P TR L, ETNVICNET 2YHERMETHE Z L 2B BEMNITEHDTH 2,

vIal—va ViR, AEFLOBETICE Y BEERMEEEH 52 L (Figure ). RIAVRT &
51z, TZEFEHHE) IRBERE Y = 1.90 LW IBO THRWEHATIZB W TH, TOHEEZ L ZITTIC
Fifid %, v < 1.90 DHEHMIIER2ICAMLTE D, 757 ETIHARBMIZKRTERVW—ADft e ULTHN



%, ZOWPDTRRAMIZ, |- HIEAGICNET S, BOREHALEMA N =X LD ERBT 5,

UL, v=1.90 & v =195 DT, RIFBINRELEZZRITS, v > 1.95128WT, &A1 F I 7 A4
HIfE ICE2ET M i I s TEERE) ~&, Elle UTHET 5, ZORA VX, EEOBEPHh 7
HTRL, —IRHEBN 2 2IR A REZLEZRTEDTH B, TOV ¥ — TRER v. = 1.925 £ 0.025
DIFEIZ. AEARD T2 E»] ORRTEMET 228, Thbb, RERBRIEZHERT L. TR
FNIEEEERRIEBIET 2D EIR—TH I I E2RLTWVWSE, ZOFRIZ, HZxDEFLN, /14X
DL NEMELRIRTEIZ B T 2HE R RIEZEOARENLZRHMEZR A TWS LW EiE, FLLM{tTsH5D
THh b,

BB, B N e ~ 1.9 1k, B AT IRE) £ O B RS 20/ ke M ~ 44.7 21T K E
CEZZEBFEHIMET S, ZOFLVERIE, BFEPOOANLVIY-T 74 VYTV NIZEB T+ — KNy
70, ROERENERE TR 2 IR I LI T WA Z e 2RI LT WS, 2074 — KAy
IRIBIZE D, RFEMABIVISET TN CRBFTER Y, MEOZER L EREHE2RTEEIOND,
ZDIHI T + — NNy 7 DFEMNEENTIE, SROBELIRVIETH 5,

Fig. S3: Validation of Critical Damping: Time Resolution Test (dt=0.0005)
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Robustness and Phase Transition under Dissipation (Time Resolution Test, dt=0.0005). Trajectories of the barrier
(solid line) and the quantum soliton (dashed line) for various damping coefficients (7). For v < 1.90, the two
trajectories are so perfectly synchronized that they are visually indistinguishable, appearing as a single line. This
perfect synchronization directly demonstrates the extreme robustness of the stable coupled motion. In contrast,
for v > 1.95, the system is completely pinned at its initial position. This clear dichotomy, validated with a higher-
precision time step (halved from preliminary studies), confirms that the phase transition at . ~ 1.9 is an intrinsic

feature of the physical system, not a numerical artifact.
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