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Freezing and shielding under global quenches for long-range interacting many-body systems
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We investigate how local perturbations spread on long-range interacting spin chains and show how their
nonequilibrium behavior exactly matches the one of a Fermi-Hubbard model with long-range hoppings. We then
focus on the thermalization of the fermionic model following a sudden quench of local interactions between
two distinct fermionic species. For both models, the quasiparticle spectrum consists of gapped low-energy
levels, while the high-energy ones accumulate at a single point. When the low-energy gaps are large enough,
turning on the local interactions does not effectively mix high- and low-energy modes, resulting in a freezing
of the dynamical evolution. In general, the states within the excited subspace are shielded from the long-range
signatures of the model, which are responsible for the low-energy extended states, and the dynamics effectively
look as if long-range couplings were absent. This shielding mechanism becomes evident in the presence of
disorder. It is shown that shielding and freezing are a universal feature of long-range interacting systems, and
their relation to the existence of quasistationary states is conjectured.
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Introduction. Modern experimental quantum platforms al-
low us to address the out-of-equilibrium dynamics and to
tailor the interaction shape of quantum many-body Hamil-
tonians [1]. Out of this exciting possibility, a great interest
has spurred in the physics of long-range interacting quan-
tum systems [2]. Conventionally, the term long range denotes
couplings decaying as 1/rα (where r is the distance between
two components of the many-body system under study).
Depending on the dimension of the system d , one defines
three regimes: (1) the local regime α > α∗, where α∗ is a
system- and phenomenon-dependent threshold beyond which
nearest-neighbor or local physics is recovered; (2) the weak
long-range regime (d < α < α∗), where long-range inter-
actions are relevant, but thermodynamic functions remain
extensive; and (3) finally, for 0 < α < d the strong long-range
regime appears where conventional thermodynamics becomes
ill-defined [3]. Long-range quantum systems count several
practical realizations, including Rydberg atom arrays [4],
dipolar systems [5,6], trapped-ion setups [7], and cold atoms
in cavity experiments [8–10], and are key candidates for the
realization of efficient quantum computing devices [11].

In Refs. [12,13], it was observed that, even in the pres-
ence of strong long-range interactions, the dynamics were
governed by an emergent short-range Hamiltonian, at least
for initial states within specific subsets of the Hilbert space.
In this case, the spreading of perturbation is confined to an
effective light cone, as defined by the local Lieb-Robinson
bound [14], and it deviates from the general expectations for
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long-range interactions [15]. It is then said that such a portion
of the Hilbert space is shielded from the effect of long-range
interactions.

In the present work, we intend to provide solid evidence for
the universality of the shielding phenomenon as well as to give
further indications for the lack of thermalization produced by
long-range interactions. Our approach is complementary to
previous studies concerning two main aspects:

(1) The shielding phenomenon is shown to be universal as
it occurs on equal footing for all values of α and it can be
traced back to the overall properties of the weakly interacting
quasiparticle spectrum.

(2) Our study also considers global quenches rather than
only local ones [12,13], enlarging the applicability of the
concept of “shielding.”

In order to provide solid arguments to the above statements,
we study the dynamics of a spin model where the interactions
are strongly long ranged as well as a Fermi-Hubbard model
with long-ranged hopping amplitudes, both in d = 1 [16].
On the one hand, the choice of these two models serves the
scope of proving universality of the shielding phenomenon,
which will appear in both models. On the other hand, the
existence of a wide range of established tools to study the
dynamics of Fermi-Hubbard models such as dynamical mean-
field theory (DMFT) [17–20] and unitary perturbation theory
(UPT) [21,22] makes such a system an ideal playground for
our study.

As we will demonstrate, both models admit a well-defined
quasiparticle limit in the weak-interaction regime, which al-
lows us to justify our conclusions based on the spectral
properties of low-energy quasiparticles. As shown below, it is
the discreteness of the quasiparticle spectrum that drives the
phenomena of shielding and freezing. Since long-range cou-
plings generate discrete spectra for any d > α, our results can
be readily generalized to dimensions d > 1. Furthermore, the
detailed structure of the underlying lattice plays no significant
role, as the long-range signatures are encoded exclusively in
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the low-momentum modes, while interactions among differ-
ent fermionic species remain local [23].

We start by demonstrating that the density of states (DOS)
of the Fermi-Hubbard model for a single fermion in the lat-
tice is in exact correspondence to the DOS of an XX model
with long-range interactions and a single spin flip on top of
a magnetized background. We then provide numerical evi-
dence on how this equivalence imprints the same dynamical
behavior for more than one initially localized excitation in
both systems. Finally, we consider the dynamics under global
quenches. In this case, the large-time dynamics can only be ac-
cessed for the Hubbard Hamiltonian, where UPT and DMFT
calculations apply.

As an example of a global quench, we consider the case
where the local density-density interactions between different
fermionic species, initially absent, are suddenly ignited in the
whole system. For purely long-range couplings, the system’s
observables remain mostly unchanged after the quench, a phe-
nomenon often referred to as freezing. We analytically connect
the existence of such a phenomenon with the survival of low-
energy single-particle spectral gaps and the appearance of a
high-energy accumulation point in the quasiparticle spectrum.
Once disorder is introduced in the couplings, the degeneracy
of the accumulation point is lifted, generating the celebrated
semicircular density of states [24].

The appearance of the continuous part of the spectrum
unfreezes the dynamics, and the effect of long-range cou-
plings remains confined to a few low-energy discrete states,
whose very limited impact on the global dynamics leads to
the phenomenon of shielding. These dynamical effects can be
demonstrated exactly only in the thermodynamic limit, mak-
ing them truly many-body phenomena. Finally, we discuss the
differences between rescaled and unscaled long-range inter-
actions under Kac’s prescription and determine their effect on
the dynamics of fermionic systems [25].

The models. As discussed in the introduction, our study
focuses on two long-range Hamiltonians, which share the
same low-energy features. The spin Hamiltonian describes
two long-range interacting spin chains with local interchain
exchange terms:

H0 = −
L∑

i=1

L/2−1∑
r=1

tr (σ+
i σ−

i+r + H.c.) − h
∑

i

σ z
i

−
L∑

i=1

L/2−1∑
r=1

tr (σ̄+
i σ̄−

j+r + H.c.) − h
∑

i

σ̄ z
i , (1a)

Hint = U
L∑

i=1

σ z
i σ̄ z

i , (1b)

where σα
i , σ̄ α

i are the Pauli matrices acting at site i for the
first and second chains, respectively. The second Hamiltonian
describes a one-dimensional Fermi-Hubbard model with two
distinct fermionic species labeled by τ ∈ {↑,↓} decorated
with long-range hopping amplitudes:

H0 = −
L∑

τ=↑,↓,i=1

(
L/2−1∑

r=1

tr (ĉ†
iτ ĉi+rτ + H.c.) + μĉ†

iτ ĉiτ

)
, (2a)

Hint = U
L∑

i=1

n̂i↑n̂i↓. (2b)

In both cases, the total Hamiltonian is H = H0 + Hint. Un-
der certain approximations, the two models can be connected
via a Jordan-Wigner transformation [26].

The spins in Eq. (1a) are coupled by an intrachain
long-range exchange term with couplings tr and feel a ho-
mogeneous transverse magnetic field h. A local interchain
transverse exchange coupling completes the analogy with the
case of the Fermi-Hubbard Hamiltonian in Eq. (2a). Indeed,
Hamiltonian (2) features power-law decaying hopping ampli-
tudes tr and a local density-density interaction term between
the two fermionic species. At U = 0, the fermionic Hamil-
tonian admits an analytic solution [27], while for U > 0,
integrability is disrupted. As we argue in the following, both
Hamiltonians in Eqs. (2a) and (1a) are described by locally
interacting quasiparticles with the nonanalytic spectrum char-
acteristic of long-range couplings. The latter description is a
low-energy effective theory for the spin Hamiltonian (1a) and
applies only to quenches with low quasiparticle density.

In addition to the conventional long-range envelope, we
allow the exchange couplings tr to have Gaussian fluctuations
around a mean value that decays as a power law of the dis-
tance:

〈tr〉 = Mα

rα
, 〈trtr′ 〉 = σ 2δrr′ ≡ J2

L
δrr′ . (3)

For the spin Hamiltonian in Eq. (1a), a rescaling of the long-
range exchange term is needed to maintain the internal energy
of the system extensive, a procedure referred to as Kac’s
rescaling [2]. The same rescaling of the hopping amplitudes
in the long-range fermionic model in Eq. (2a) will instead
result in a subextensive kinetic energy [28]. However, in order
to draw connections with most of the existing literature, we
will consider both Kac-scaled and unscaled strong long-range
interactions.

Density of states. Let us first consider Hamiltonian (2a)
with α = 0. There, the quasiparticle spectrum features L − 1
degenerate states with energy εk>0 = μ, which we refer to
as the high-energy accumulation point [29]. A finite disorder
strength σ > 0 lifts the degeneracy and leads to a continuous
DOS with semicircular shape plus the low-energy isolated
state at k = 0, in analogy to the problem of a single impurity
in a crystal [30]. Similarly, for 0 � α < 1 in the absence of
disorder, the low-energy part of the spectrum remains discrete
while the high-energy modes accumulate near a single point
in the thermodynamic limit. The presence of disorder mainly
mixes the accumulated high-energy modes while keeping the
low-energy ones gapped; the DOS takes the generic form valid
at any α < 1 [31],

ρ(λ) =
√

4J2 − λ2

2πJ2
+ 1

L

∑
n<n∗

δ(λ − λn), (4)

where λn = Mαεn + J2/(Mαεn), εn correspond to the eigenen-
ergies of the free long-range hopping model (α < 1) in the
absence of disorder, and n∗ is a critical n for which |λn∗ | �
2J and |λn∗−1| > 2J , where n ∈ Z and − L

2 � n < L
2 . The

eigenenergies in the absence of disorder εn read

εn = − L−1
α

L/2∑
r=1

cos(2πnr/L)

rα
≈ −cα

∫ 1/2

0
ds

cos(2πns)

sα

(5)
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with L−1
α = cαLα−1 = (1 − α)2(1−α)Lα−1 [23]. The latter

equality in Eq. (5) is strictly valid in the thermodynamic limit
L → ∞, and the omission of Kac’s renormalization Lα leads
to eigenenergies increasing with the volume L:

εn ∝
{

O(1), Kac on,

O(L1−α ), Kac off.
(6)

It is worth reminding that in Eq. (4) the summation over
discrete energy states only includes the n∗ eigenvalues whose
energy lies outside the continuous portion of the spectrum,
which, for Kac-scaled interactions, remains finite in the ther-
modynamic limit while it diverges in the Kac unscaled case.

Without disorder, the spin Hamiltonian (1a) at α = 0
corresponds to the fully connected XX model. There, the
many-body spectrum can be computed exactly. The Hamil-
tonian eigenstates (|S, Sz〉) correspond to the eigenstates of
the total spin S and total magnetization Sz [32]. Assuming
L to be even and considering the total magnetization to be
fixed to Sz = (L/2 − 1), the spectrum consists of L − 1 en-
ergetically degenerate states and a single gapped state with
the energy gap given by 
ε = M0. The unique gapped state
corresponds to the state with maximal total spin S = L/2,
while the L − 1 degenerate eigenstates are composed of the
different S ∈ {0, . . . , L/2 − 1} eigenstates. Such degeneracies
come from the different possible ways to arrange the mi-
croscopic 1/2 spins in order to form a total spin S [33]. In
analogy to the fermionic model, disorder primarily affects
the S = L/2 − 1 eigenstates, altering their energy and lifting
the degeneracy, but leaves the isolated S = L/2 state almost
unaltered.

Although formulated for the case α = 0, the analogy be-
tween the quasiparticle spectra of the two models extends to
arbitrary values of α in the low-energy region of the spectrum
[see Figs. 1(e) and 1(f) and Ref. [34]]. Consequently, it is nat-
ural to expect that any low-energy state with sufficiently low
quasiparticle density will exhibit similar dynamical behavior
under Hamiltonians (1a) and (2a). Figure 1(a) illustrates the
dynamics of Hamiltonian (1a) in the presence of disorder
but without long-range interactions (Mα = 0), starting from
a state fully polarized along the magnetic field except for
three isolated spin flips. Panel (b) shows the dynamics when
long-range interactions are included (Mα > 0, α � 1/4). The
correspondence between spin dynamics and fermionic dy-
namics becomes evident when comparing Figs. 1(a) and 1(b)
with Figs. 1(c) and 1(d), which present the evolution under
Hamiltonian (2). This similarity was anticipated from the
comparison of the low-energy DOS of the two models [see
Figs. 1(e) and 1(f)].

As we demonstrate in the following, the discreteness of the
long-range quasiparticle spectrum lies at the root of the shield-
ing phenomenon. Our calculations will be performed for the
Hamiltonian (2), where, owing to the applicability of DMFT
and UPT, we are going to prove that long-range interactions
are shielded for any initial state. Due to the correspondence
between the quasiparticle dynamics of the Fermi-Hubbard
and XX Hamiltonians, our conclusions will also apply to the
Hamiltonian (1a), at least for initial states in the low-energy
regime considered also in Ref. [12].

FIG. 1. (a), (b) Evolution of the magnetization profile under H0

from Eq. (1a) for three initially localized perturbations (spin flips
on top of a magnetized background). Panel (a) corresponds to the
dynamics under purely off-diagonal disorder (M0 = 0), while panel
(b) in addition to disorder contains the long-range envelope with
M0 = −4π and α = 0.25. (c), (d) Dynamics for three initially lo-
calized fermions under H0 from Eq. (2a) under the same parameters
as panels (a) and (b), respectively. Both calculations were performed
with L = 36. (e), (f) Density of states of a single-particle excitation.
Panel (e) shows the DOS with Gaussian disorder, as specified in
Eq. (3). Panel (f) includes additional long-range hoppings with M0 =
−4π and α = 0.25. In both panels, the shaded area corresponds to
a normalized eigenvalue histogram for L = 213, while the red line
sketches the theoretical prediction given by Eq. (4), with the dashed
line corresponding to the continuous predictions, and the tiny red
columns highlight the discrete eigenvalues.

Freezing and its relation with the accumulation point.
Shielding and freezing are two sides of the same coin. In
the case of shielding, the dynamical evolution of observ-
ables is unaffected by the presence of long-range couplings.
Conversely, freezing refers to observables remaining mostly
unchanged after a quantum quench. Both phenomena occur in
the strong long-range regime, so we focus on α < d: Initially,
the system is prepared in the noninteracting ground state, i.e.,
the lowest-energy state of the Hamiltonian H0. The chemical
potential is therefore tuned to ensure that we are at half fill-
ing, N↑ = N↓ = L/2, where N↑(↓) is the number of distinct
electron species. This corresponds to a filled Fermi sea up to
the middle of the semicircle in Eq. (4).

At t = 0, the on-site interactions are turned on and the non-
interacting ground state evolves according to H [Eq. (2)]. The
result of this procedure is reported in Fig. 2 for α = 0. For the
clean long-range system (dotted line), the double occupancy,
d ≡ ∑

i 〈n̂i↑n̂i↓〉, remains fixed to its initial value after the
interaction quench, so the electrons effectively behave as if
they were not allowed to hop between sites in agreement with
the expected suppression of excitation propagation evidenced
for local quenches in long-range systems [12,13].

For α < d , the absence of dynamical signatures after turn-
ing on the interaction can be justified analytically within the
DMFT formalism [35]. The idea behind DMFT is to simplify
the many-body problem by approximating it with the prob-
lem of a single impurity coupled to a bath. Therefore, the
single-electron Green’s function G(iωn) loses its momentum
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FIG. 2. Double occupancy after a sudden quench. Continuous
and dashed lines correspond, respectively, to DMFT and UPT com-
putations for the disordered case in the absence of long-range tails
(Mα = 0) for different on-site interactions U = 0.5, 1.0, 1.5, while
the dotted line is a DMFT computation of the clean fully connected
Fermi-Hubbard model (α = 0) at U = 2. We observe the freezing of
dynamics in the absence of disorder and a relaxation to an equilib-
rium value, which decreases as U increases, in the presence of it [36].

dependence and depends only on the imaginary frequency.
In order to obtain the impurity Green’s function, one has to
solve a self-consistent equation for the impurity self-energy
�(iωn) = G −1

0 (iωn) − G−1(iωn), where G0(iωn) is the bare
Green’s function of the impurity, also referred to as the Weiss
effective field [17].

As the thermodynamic limit is approached, the kinetic
energy contribution from long-range couplings with α < d
vanishes, due to the kinetic energy contribution being dom-
inated by the accumulation point. Thus, the impurity Green’s
function G0(iωn) converges to the atomic limit [35]:

G −1
0 (iωn) = iωn + μ + O(1/L). (7)

The many-body/cooperative nature of the shielding effect is
evident by the requirement of a large number of particles to
ensure that the O(L−1) in Eq. (7) is negligible and, thus, the
kinetic energy effect vanishes. In fact, in the thermodynamic
limit, the kinetic and interaction terms effectively commute,
leading to the simultaneous conservation of kinetic and po-
tential energies [37]. At t � 0, as the local density-density
interactions in Eq. (2b) are ignited, a finite potential energy
is suddenly imprinted onto the system, which cannot be dis-
persed in any way.

In other words, the energy gaps between quasiparticle
states remain finite even at large L due to the strong long-
range nature of the tunneling. This suppresses the proliferation
of fluctuations following the quench, thereby preventing
mode dephasing, which is fundamental to equilibration in
many-body systems [38]. As the thermodynamic limit is ap-
proached (L → ∞), the dominant quasiparticle contribution
to the dynamics becomes increasingly concentrated in the
highest-energy region of the spectrum—specifically, near the
accumulation point. This leads to the erasure of all dynam-
ical features, as illustrated by the dotted line in Fig. 2. A
similar reasoning applies to spatial fluctuations, which are
also suppressed by the strong long-range tunneling term [2].

This justifies the applicability of DMFT even in the one-
dimensional case.

From freezing to shielding. As previously argued, long-
range couplings suppress spatial fluctuations, guaranteeing
the applicability of mean-field approaches. In a similar way,
Gaussian disorder ensures that momentum and energy conser-
vation do not generate divergences in the unitary perturbation
theory treatment of the problem. Thus, at half filling, both
in the DMFT and in the UPT study of the disordered case,
turning on local density-density interactions at t > 0 only
triggers scattering processes that involve transitions between
states within the continuous semicircular portion of the spec-
trum. Therefore, the dynamics are shielded from long-range
couplings, which only affect the discrete low-energy states in
the DOS (see Fig. 1).

Indeed, the continuous semicircular portion of the spec-
trum in Eq. (4) induced by disorder corresponds to the
DOS of the local system in the Bethe lattice. By comparing
the dynamics in the presence and absence of disorder (see
Fig. 2), we can conclude how disorder is necessary in order
to break the freezing mechanism and have dynamical signa-
tures. The addition of the long-range coupling amplitudes in
Eq. (4) causes the appearance of a discrete set of low-energy
quasiparticle states. However, these discrete states become
statistically irrelevant in the thermodynamic limit, which re-
moves the effect of long-range couplings. This is readily
shown by the self-consistent condition between the Weiss
function and the single-electron Green’s function within
DMFT G −1

0 (iωn) = iωn + μ − J2G(iωn) + O(1/L) for the
DOS in Eq. (4) [39].

Similarly to the case of local quenches in the long-range
spin models discussed in Fig. 1 and Refs. [12,13], the dy-
namics induced by Hamiltonian (2) is not influenced by the
discrete low-energy states and its thermalization timescales
are solely determined by energies near the Fermi surface. The
thermodynamic limit procedure is essential to obtain exact
shielding of long-range couplings. Thus, in order to inves-
tigate the finite-size signatures of shielding, we employ the
UPT approach, which has already been successfully applied
to the local case [40]. In UPT, the time evolution of an ob-
servable Â can be computed by the expression

〈A〉t = 〈A〉0 + 4U 2
∫ ∞

−∞
dω

sin2(ωt/2)

ω2
J (ω) + O(U 3), (8)

where J (ω) = 〈Ĥint(Â − 〈A〉0)δ(Ĥ0 − 〈H0〉 − ω)Ĥint〉0 cap-
tures scattering processes up to second order in U . In the local
case α → ∞, UPT predicts a prethermalization plateau and
the appearance of quasiconserved charges, which lead to a
generalized Gibbs distribution [22].

In Fig. 3 (left panel), we present the results for the α = 0.5
case at half filling for different system sizes L = 23, 26, 29 for
both scaled and unscaled couplings. By comparing the blue
line at the bottom of Fig. 3(a) with the blue dashed line in
the middle of Fig. 2, we observe how, as long as the system
is considerably big, we recover the qualitative behavior of
the infinite-dimensional Bethe lattice [36]. At small sizes, the
spectrum can be considered discrete everywhere and Poincaré
revivals are observed (black diamonds in Fig. 3). The presence
or absence of the Kac’s renormalization factor influences the
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FIG. 3. Double occupancy after a sudden quench to U = 1 for
α = 0.5, σ = 1, and M0 = −4π . In panel (a), the couplings have
been rescaled using Kac’s prescription, while for panel (b) the cou-
plings are unscaled. Three different system sizes are shown L =
23, 26, 29 (black diamonds, red crosses, and blue dots) from top to
bottom close to t = 0. For the smallest size L = 23, we observe the
presence of Poincaré recurrences, which already dephase for both
L = 26 and 29.

magnitude of the relative change of the double occupancy
before and after the quench, without adding any temporal
structure, as we can see by comparing the Kac-scaled result
[Fig. 3(a)] with the unscaled one [Fig. 3(b)]. The quantita-
tive discrepancy between the Kac-scaled and unscaled cases
originates from the change in spectral weight outside the
semicircular DOS due to the Kac’s factor.

Conclusions and perspectives. Our analysis demonstrates
that the dynamical evolution following local quenches of
Fermi-Hubbard models with long-range hoppings mimics the
one of spin chains with long-range exchange interactions, due
to the correspondence between their quasiparticle spectra. The
key characteristic of this dynamical evolution is shielding:
In the presence of off-diagonal disorder, local perturbations
spread rapidly in both models, and at the same time, both
systems become insensitive to the inclusion of long-range
couplings.

In the Fermionic model, shielding is demonstrated to
extend also to global quenches, where a repulsive on-site
interaction is suddenly ignited in the system. In the absence
of disorder, electrons localize, a phenomenon that we refer
to as freezing. Disorder unfreezes the dynamics, but the sys-
tem is shown to remain insensitive to additional long-range
couplings, leading back to the phenomenology of shielding.
We conclude that shielding is fundamentally linked to the
low-energy (universal) spectral features of systems with long-
range couplings.

The correspondence between the low-energy spectra of
Hamiltonians (1a) and (2) has been demonstrated exactly
in the Supplemental Material [34], but our picture for local
quenches applies to any model whose quasiparticle spectrum
displays coexistence of continuous and discrete regions akin
to the one described in Fig. 1, including the model studied in
Refs. [12,13].

For global quenches, the appearance of freezing and shield-
ing is peculiar to Fermi quasiparticles, where the effects
of interactions are suppressed by the combined effects of
statistics and spectral discreteness. For systems with Bose
quasiparticles, such as long-range quantum spin Hamiltoni-
ans, spectral discreteness appears to affect only specific states,
i.e., the quantum scars [41], while most of the spectrum
becomes chaotic [42]. A clearer picture of the many-body
spectrum of long-range spin Hamiltonians in the finite-energy
regime may be obtained by developing a quantum kinetic
theory of long-range models.
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