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Ground-state preparation of quantum many-body systems is a fundamental challenge across quantum science,
with implications for quantum simulation, quantum computing, and the study of complex quantum matter. The
exponential growth of Hilbert space and the complexity of entangled eigenstates motivate the development of
new approaches that go beyond conventional strategies based on adiabatic evolution, variational optimization,
imaginary-time methods, and engineered dissipative processes. Here, we demonstrate that the recently proposed
quantum Landau-Lifshitz-Gilbert (QLLG) dynamics [Phys. Rev. Lett. 133, 266704 (2024)] provides an intrinsic
nonlinear dissipative mechanism for real-time ground-state preparation. Unlike engineered dissipative schemes,
QLLG encodes relaxation directly into the quantum equation of motion while preserving the underlying quantum
structure of the evolution. The QLLG evolution selectively suppresses excited-state contributions, driving the
system toward the lowest-energy eigenstate within the accessible symmetry sector. We show that the dynamics
admits a monotonic energy functional and a stable ground-state fixed point, and that for generic initial states
in an N-qubit Hilbert space the characteristic convergence time scales linearly with N and inversely with the
spectral gap. Numerical simulations of an interacting spin chain confirm our analytical predictions. These results
establish nonlinear dissipative QLLG dynamics as another avenue for quantum state preparation, opening an
alternative route for quantum simulation, computation, and state engineering.

DOI: 10.1103/nsdt-mntf

I. INTRODUCTION

Preparing the ground state of an interacting quantum
Hamiltonian is a fundamental challenge in quantum science.
Ground states determine the equilibrium properties of quan-
tum materials, molecules, and lattice gauge theories, and
their efficient preparation is essential for quantum simulation,
quantum chemistry, and quantum optimization. While quan-
tum computers promise substantial advantages for simulating
many-body systems, these advantages can only be realized
if physically relevant low-energy states can be prepared with
scalable quantum resources [1–3].

Over the past decades, a variety of approaches and pro-
tocols have been developed for preparing quantum ground
states. Adiabatic state preparation exploits the quantum
adiabatic theorem to continuously transform an easily pre-
pared state into the desired ground state, but its runtime
is fundamentally limited by the inverse square of the
minimum spectral gap [4,5]. Variational quantum eigen-
solvers (VQEs) replace long coherent evolutions with hybrid
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quantum-classical optimization [6–8]. However, performance
of a VQE depends critically on ansatz design and optimization
landscapes, which become increasingly challenging for large
or highly entangled systems. Moreover, quantum imaginary-
time evolution [9,10], quantum signal processing [11–13],
quantum walks [14–16], and related approaches have pro-
vided alternative routes to low-energy state preparation with
different trade-offs in circuit depth, ancilla requirements, and
measurement overhead [13,17–19].

Despite these advances, existing approaches rely on
one of three distinct mechanisms for isolating the ground
state: slow adiabatic evolution, classical optimization, or
measurement- and ancilla-assisted filtering. A natural ques-
tion is whether ground-state preparation can instead emerge
from a physical dynamical principle that continuously sup-
presses excited-state components during real-time evolution,
without variational optimization, postselection, or explicit
imaginary-time propagation.

Dissipation provides precisely such a mechanism for
ground-state preparation by turning energetic relaxation into
a useful dynamical process. In classical physics, friction natu-
rally drives systems toward minimum-energy configurations.
In quantum mechanics, however, dissipation is convention-
ally associated with decoherence arising from uncontrolled
coupling to the environment. This apparent obstacle has mo-
tivated the development of engineered dissipative quantum
dynamics, where dissipation is carefully designed to stabi-
lize desired quantum states rather than destroy coherence.
Early works established dissipative quantum state engineering
through reservoir engineering and Lindblad evolution as a
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powerful framework for preparing many-body quantum states
and phases [20–23].

Building on this idea, recent advances have demonstrated
that engineered dissipation can provide efficient routes to
quantum ground-state preparation. Lindbladian approaches
have enabled ground-state preparation with reduced ancil-
lary resources by constructing dissipative generators for
which the target state is a stable stationary state [21]. More
recently, rapid dissipative protocols have shown that ap-
propriately designed open-system dynamics can efficiently
prepare ground states of broad classes of noncommuting
many-body Hamiltonians [23]. Closely related developments
exploit engineered thermalization to prepare quantum Gibbs
states, where dissipative dynamics drive the system toward
the thermal equilibrium state of a target Hamiltonian [24–28].
Since the Gibbs state approaches the ground state in the
zero-temperature limit, thermalization-based methods provide
a complementary dissipative route to preparing low-energy
and ground states. Together, these developments establish
dissipation as a powerful paradigm for quantum ground-state
preparation, offering a fundamentally different route from
adiabatic evolution, variational optimization, imaginary-time
evolution, and other approaches.

Nevertheless, existing dissipative approaches typically re-
alize relaxation through engineered open-system dynamics,
such as reservoir engineering, auxiliary degrees of freedom,
or Lindblad generators. A fundamental question remains
whether ground-state preparation can instead emerge from an
intrinsic nonlinear quantum evolution, in which the relaxation
mechanism is encoded directly into the equation of motion
while retaining the underlying coherent structure of quantum
dynamics.

Quantum Landau-Lifshitz-Gilbert (QLLG) dynamics [29]
was recently introduced as a nonlinear dissipative exten-
sion of the Schrödinger equation inspired by the Landau-
Lifshitz-Gilbert equation of micromagnetics [30,31]. The
resulting dynamics combines unitary evolution with norm-
preserving energy dissipation, providing a deterministic
relaxation mechanism that continuously lowers the expec-
tation value of the Hamiltonian while maintaining the
quantum coherence of the evolving state. Although QLLG
was originally proposed as a framework for dissipative quan-
tum dynamics, its dissipative nature and implications for
quantum algorithms and state preparation have remained
unexplored.

In this paper, we provide a rigorous proof for dissipative
character of QLLG and show that it naturally constitutes a
quantum algorithm for ground-state preparation. We prove
analytically that the nonlinear dissipative evolution exponen-
tially suppresses excited-state populations while preserving
the ground-state component present in the initial state, leading
to deterministic convergence toward the lowest-energy eigen-
state. For generic initial states of N-qubit systems, we show
that the convergence time scales linearly with system size
and inversely with the spectral gap. Numerical simulations for
interacting Heisenberg spin systems confirm the theoretical
predictions and demonstrate efficient preparation of many-
body ground states.

II. QUANTUM LLG DYNAMICS AND DISSIPATION

Recently, a quantum analog of the LLG dynamics was
proposed in Ref. [29], where the density matrix ρ evolves
according to

ρ̇ = i

h̄
[ρ, H] + iκ[ρ, ρ̇], (1)

with a damping parameter κ > 0, and H denoting the Hamil-
tonian of a many-body spin system.

For Eq. (1) to be an analog of the conventional LLG
equation, it must describe dissipative magnetization dynam-
ics [30,31], meaning that the energy decreases with time. In
Ref. [32], this dissipative behavior was confirmed numer-
ically; however, it can also be established analytically. In
particular, the second term on the right-hand side guarantees
that the energy expectation value, Tr[Hρ(t )], decreases with
time, thereby demonstrating the dissipative nature of the mas-
ter equation. For a time-independent Hamiltonian, this can
be shown as follows. Using Eq. (1), the bound Tr(ρ2) � 1
[29], together with the Cauchy-Schwarz and triangle inequal-
ities for trace norm [‖A‖ =

√
Tr(A†A) for an operator A], we

obtain
√

Tr(ρ̇†ρ̇ ) � 1

h̄(1 − 2κ )

√
Tr([ρ, H]†[ρ, H]). (2)

Moreover, Eq. (1) yields

dTr(Hρ)

dt
= Tr(H ρ̇ ) = iκTr(H[ρ, ρ̇])

= −iκ Tr(ρ̇[ρ, H]). (3)

Substituting Eq. (1) into the above expression and again ap-
plying the Cauchy-Schwarz inequality, we obtain

d Tr(Hρ)

dt
= κ

h̄
Tr([ρ, H]2) + κ2 Tr([ρ, ρ̇][ρ, H])

� −κ

h̄
Tr([ρ, H]†[ρ, H])

+ 2κ2

h̄(1 − 2κ )
Tr([ρ, H]†[ρ, H]) � 0, (4)

for κ < 1
4 . The equality holds if and only if [ρ, H] = 0. Thus,

the energy decreases monotonically until ρ commutes with H ,
at which point ρ can be diagonalized in the energy eigenbasis
of H . Inspired by this observation, we show below that, for
a random pure initial state, the density matrix converges to
the ground state of the system, thereby providing another ap-
proach to ground-state preparation and quantum optimization.

III. CONVERGENCE TO THE GROUND STATE

For a pure initial state, ρ0 = |ψ0〉〈ψ0|, the QLLG evolution
is described by a normalized nonunitary propagation,

ρ(t ) = e− i
h̄ Heff t ρ(0)e

i
h̄ H†

eff t

Tr
[
e− i

h̄ Heff t ρ(0)e
i
h̄ H†

eff t
] ,

Heff : = 1 − iκ

1 + κ2
H, (5)
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where the effective Hamiltonian Heff is a non-Hermitian
rescaled version of the real Hamiltonian of the system. For
a derivation of Eq. (5), see the Appendix A.

Under a finite spectral gap, �E (the energy difference
between the ground and first excited states), we demonstrate
in the Appendix B that contributions from energy eigenstates
other than the ground state are exponentially suppressed, i.e.,

‖ρ(t ) − �E0 |ψ0〉〈ψ0|�∗
E0

‖1 �
exp

(− κ�Et
h̄(1+κ2 )

)
|〈ψ0|�E0 |ψ0〉|2 , (6)

where ‖ ‖1 is the trace-norm and �E0 |ψ0〉 is the normalized
projection of |ψ0〉 in the ground-state space of H . For a ran-
domly chosen pure initial state, |ψ0〉, in a Hilbert space of
dimension 2N , as shown in the Appendix D, we have

|〈ψ0|�E0 |ψ0〉|2 � 2−N . (7)

This implies that the overlap of a random initial state with
the ground-state subspace is almost always nonzero. When
Eq. (7) is combined with Eq. (6), we obtain that QLLG with
a random initial pure state always converges to the ground
state of the system. Moreover, analytical derivation in the
Appendix C shows that the convergence time scales as

τ � log(2)h̄(1 + κ2)

κ�E
N. (8)

This demonstrates a linear scaling of the convergence time
with N and an inverse scaling with respect to the energy
gap �E .

We conclude our analytical findings with a final remark. As
shown in the Appendix B, QLLG dynamics for a given initial
pure state, |ψ0〉, converges to the lowest-energy eigenspace
of the system Hamiltonian with which the initial state has
nonzero overlap. This behavior highlights a remarkable and
powerful feature of QLLG. Although a random initial pure
state leads QLLG dynamics to converge to the ground state,
the method is not limited to ground-state preparation. By
appropriately choosing the initial state, QLLG can also tar-
get higher-energy eigenstates. Specifically, if the initial state
is constructed such that the lowest-energy eigenstate with
nonzero overlap corresponds to a desired excited state of
the Hamiltonian, the dynamics will converge to that excited
eigenstate.

IV. NUMERICAL SIMULATIONS

To exemplify the results in Eqs. (6) and (8), we consider
the one-dimensional spin chains model described by the fol-
lowing Hamiltonian,

H =
N−1∑
i=1

Jσ i · σ i+1 − h
N∑

i=1

σ z
i . (9)

Here, J is a nearest-neighbor Heisenberg exchange, h is the
strength of external magnetic field, and σ i = (σ x

i , σ
y
i , σ z

i ) is
the vector Pauli matrices. We compare the exact ground and
first excited states with the QLLG simulated ground and first
excited states across different values of h. In what follows, it
is assumed that J = 2, h̄ = 1, κ = 0.3, N = 12. These values
are chosen as model parameters to illustrate the analytical

FIG. 1. Overlaps of the exact ground and first excited states with
the corresponding initial random states as a function of h.

results; the method and theory apply to arbitrary physical sys-
tems with general parameter values. Note that for the purpose
of this paper, this choice is excellent in describing the inherent
physical mechanism of this study, but for a physical, magnetic
system one would in most cases expect that the Heisenberg
exchange is significantly larger than the applied field strength.

For simulations, we apply the Euler method using

∂t |ψ (t )〉 = − i(1 − iκ )

h̄(1 + κ2)
[H − 〈ψ (t )|H |ψ (t )〉]|ψ (t )〉

= − i

h̄
[Heff − 〈ψ (t )|Heff |ψ (t )〉]|ψ (t )〉, (10)

derived in the Appendix A, with small time steps scaled with
the same unit as the convergence time in Eq. (8). The pure ini-
tial states are sampled by drawing the vector coefficients from
a complex Gaussian distribution and subsequently normaliz-
ing the vector, yielding a random state uniformly distributed
on the unit sphere of the Hilbert space. Figure 1 shows the
overlap of the random initial pure states used in the QLLG
simulations with the exact ground and first excited states for
different values of the magnetic field h.

FIG. 2. Exact and QLLG simulated energies for ground and first
excited states.
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FIG. 3. The blue curve shows the energy error, defined as the
absolute difference between the exact and QLLG-simulated ground-
state energies for different values of h. The orange curve shows the
infidelity of the ground-state overlaps between the exact and QLLG-
simulated states as a function of h.

Figure 2 illustrates the comparison between the exact and
QLLG simulated ground- and first excited-state energies of
the Hamiltonian. As shown, energies obtained from the QLLG
simulations coincide with the exact results (obtained by ex-
act diagonalization) with a high fidelity for all considered
values of h. Figure 3 shows the energy error rate and the infi-
delity of the ground states, where the energy error is defined
as the absolute difference between the exact and simulated
energies, while the infidelity quantifies the deviation of the
simulated ground state from the exact ground state, given by
1 − |〈ψGS

exact|ψGS
sim〉|. We observe low errors and high fidelity

across a broad range of magnetic field values h, except in
the vicinity of the critical points with degeneracy between the
ground state and first excited state, where the computational
complexity/time increases (see Fig. 4). This behavior is con-
sistent with Eq. (8), in which the convergence time is inversely
proportional to the energy gap, �E . As the gap decreases, the
convergence time correspondingly increases. Near the critical
points, where the energy gap tends to close, the convergence

FIG. 4. Spectral gap �E (blue curve) and convergence time τ

given in Eq. (8) (orange curve) as functions of h.

time therefore grows significantly. This trend is illustrated in
Fig. 4, which reflects a trade-off between convergence time
and fidelity. Moreover, while algorithmic improvements can
enhance performance [32,33], the trade-off in Eq. (8) remains
unavoidable, setting a fundamental limit on the convergence
speed. Finally, we notice that despite the occasionally small
initial overlaps shown in Fig. 1, the QLLG dynamics consis-
tently converge with high fidelity.

V. CONCLUSION

We have demonstrated that QLLG dynamics exponentially
suppresses excited-state contributions, providing an intrinsic
nonlinear dissipative mechanism for real-time ground-state
preparation. Our analysis establishes the dynamical stability
of the ground state and provides a quantitative real-time con-
vergence law governed by the spectral gap and the initial-state
overlap. Together with numerical simulations of interacting
qubit systems, these results introduce QLLG as a physically
realizable framework for dissipative quantum state prepara-
tion and optimization. Compared to existing approaches based
on adiabatic evolution, variational optimization, imaginary-
time evolution, or engineered dissipative dynamics, QLLG
encodes relaxation directly into the quantum equation of
motion through the interplay of coherent precession and
nonlinear dissipation. It therefore provides an intrinsic real-
time mechanism for ground-state preparation. The predicted
real-time convergence is of experimental interest and could
be investigated in interacting spin systems with engineered
damping, including molecular magnets [34] and rare-earth
atoms on surfaces [35].

More generally, the formulation applies to any quantum
model whose dynamics can be mapped onto the QLLG frame-
work, providing a unified real-time approach to ground-state
preparation across diverse interacting quantum systems. This
opens opportunities for quantum simulation, quantum opti-
mization, quantum state engineering, quantum chemistry, and
the exploration of quantum matter.
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APPENDIX A: QLLG SOLUTION FOR PURE
INITIAL STATES

Let ρ0 = |ψ0〉〈ψ0| be a pure initial state and ρ(t ) be
the solution to QLLG with initial data ρ0. Following the
property of the QLLG that the trace and rank of the density
matrix are conserved along the evolution, we can write
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ρ(t ) = |ψ (t )〉〈ψ (t )|, where 〈ψ (t )|ψ (t )〉 = 1. By choosing a
proper gauge transformation |ψ (t )〉 → eiγ (t )|ψ (t )〉, we can
assume that

〈ψ (t )|[∂t |ψ (t )〉] = [∂t 〈ψ (t )|]|ψ (t )〉 = 0. (A1)

Now, using Eq. (1), we derive

∂t [|ψ (t )〉]〈ψ (t )| + |ψ (t )〉∂t 〈ψ (t )|

= i

h̄
[|ψ (t )〉〈ψ (t )|H − H |ψ (t )〉〈ψ (t )|]

+ iκ[ρ(t ), ∂t [|ψ (t )〉]〈ψ (t )| + |ψ (t )〉∂t 〈ψ (t )|]

= i

h̄
[|ψ (t )〉〈ψ (t )|H − H |ψ (t )〉〈ψ (t )|]

+ iκ[|ψ (t )〉∂t 〈ψ (t )| − ∂t [|ψ (t )〉]〈ψ (t )|]. (A2)

By multiplying both sides with |ψ (t )〉 from the right hand-side
and using (A1), we get

∂t |ψ (t )〉 = − i(1 − iκ )

h̄(1 + κ2)
[H − 〈ψ (t )|H |ψ (t )〉]|ψ (t )〉

= − i

h̄
[Heff − 〈ψ (t )|Heff |ψ (t )〉]|ψ (t )〉. (A3)

This concludes the non-Hermitian evolution

ρ(t ) = e− i
h̄ Heff t ρ(0) e

i
h̄ H†

eff t

Tr
[
e− i

h̄ Heff t ρ(0) e
i
h̄ H†

eff t
] ,

Heff : = 1 − iκ

1 + κ2
H, (A4)

in the main body.

APPENDIX B: DERIVATION OF CONVERGENCE

Let {|Ei〉} be an eigenbasis of the Hamiltonian H , H |Ei〉 =
Ei|Ei〉, with E0 representing the lowest energy that has a
nonzero overlap with an initial state |ψ0〉. Consider the fol-
lowing expansion of the initial state,

|ψ0〉 =
∑

i

ci|Ei〉. (B1)

Inserting (B1) in (5), ρ(t ) can be expanded in terms of energy
eigenbasis as follows.

ρ(t ) =
∑

i, j e− κt
h̄(1+κ2 )

(Ei+Ej )e
it

h̄(1+κ2 )
(Ej−Ei )cic∗

j |Ei〉〈Ej |∑
i e− 2κt

h̄(1+κ2 )
Ei |ci|2

.

By factoring E0 out of exponentials

e− κt
h̄(1+κ2 )

(Ei+Ej )

= e− 2κt
h̄(1+κ2 )

E0 e− κt
h̄(1+κ2 )

[(Ei−E0 )+(Ej−E0 )]
,∑

i

e− 2κt
h̄(1+κ2 )

Ei |ci|2

= e− 2κt
h̄(1+κ2 )

E0
∑

i

e− 2κt
h̄(1+κ2 )

(Ei−E0 )|ci|2, (B2)

and defining

γ := κ

h̄(1 + κ2)
, ωi j := Ej − Ei

h̄(1 + κ2)
, (B3)

the QLLG state at time t can be written as

ρ(t ) =
∑

i, j e−γ t[(Ei−E0 )+(Ej−E0 )]eiωi j t cic∗
j |Ei〉〈Ej |

p0 + ∑
Ei �=E0

e−2γ t (Ei−E0 )|ci|2 . (B4)

Assume �E0 is the projector onto the energy eigensubspace
corresponding to E0, and define the spectral gap and the prob-
ability overlap as

�E := min
Ei �=E0

(Ei − E0), p0 := |〈ψ0|�E0 |ψ0〉|2. (B5)

For i �= 0, we have Ei − E0 � �E , which implies

e−γ t[(Ei−E0 )+(Ej−E0 )] � e−2γ t�E . (B6)

Thus, as t → ∞, all the terms other than the ones associated
with |E0〉〈E0| in Eq. (B4) vanish and

ρ(t ) = �E0 |ψ0〉〈ψ0|�∗
E0

+ O

(
e−γ t�E

p0

)
, (B7)

which is equivalent to

‖ρ(t ) − �E0 |ψ0〉〈ψ0|�∗
E0

‖1 �
exp

( − κ�Et
h̄(1+κ2 )

)
|〈ψ0|�E0 |ψ0〉|2 , (B8)

in the main body.

APPENDIX C: ERROR BOUNDS
AND CONVERGENCE TIME

From Eq. (B4), the trace distance satisfies

‖ρ(t ) − �E0 |ψ0〉〈ψ0|�∗
E0

‖1 � e−γ t�E

p0
. (C1)

To achieve an error threshold below ε, we require

e−γ t�E

p0
� ε ⇒ e−γ t�E � εp0. (C2)

Taking the logarithm and substituting γ = κ
h̄(1+κ2 ) yields

t � h̄(1 + κ2)

κ�E
[− log ε − log |〈ψ0|�E0 |ψ0〉|2], (C3)

which gives us the convergence time for error bound ε.

APPENDIX D: TYPICAL INITIAL-STATE OVERLAP

For a random initial state |ψ0〉 in a Hilbert space of di-
mension D = 2N , by the Poincaré-Maxwell-Borel Lemma,
the overlaps with energy eigenstates

Xi = |〈ψ0|Ei〉|, (D1)

behave approximately as independent, identical random vari-
ables, satisfying

√
DXi ∼ N (0, 1), (D2)
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for large N . Hence, we have the probability

P
(ε1

D
< |〈ψ0|�E0 |ψ0〉|2 <

ε2

D

)
= 2

∫ √
ε2

√
ε1

1

2π
e− z2

2 dz,

(D3)

which indicates that the probability of the overlap
|〈ψ0|�E0 |ψ0〉|2 is nonzero and yields

|〈ψ0|�E0 |ψ0〉|2 � 2−N , (D4)

in the main body if ε1 → 0, ε2 → ∞.
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