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We demonstrate the existence of exact atypical many-body eigenstates in a class of disordered,
interacting one-dimensional quantum systems that includes the Fermi-Hubbard model as a special
case. These atypical eigenstates, which generically have finite energy density and are exponentially
many in number, are populated by noninteracting excitations. They can exhibit Anderson local-
ization with area-law eigenstate entanglement or, surprisingly, ballistic transport at any disorder
strength. These properties differ strikingly from those of typical eigenstates nearby in energy, which
we show give rise to diffusive transport as expected in a chaotic quantum system. We discuss how
to observe these atypical eigenstates in cold-atom experiments realizing the Fermi-Hubbard model,

and comment on the robustness of their properties.

Introduction.— The standard theory of matter uses
equilibrium statistical ensembles to classify all possible
phases according to local order parameters. This classi-
cal picture was shattered in recent decades by two impor-
tant realizations. First, there are topological phases that
are indistinguishable by local order parameters. Second,
there are eigenstate phases [I] that arise when a system
fails to thermalize [2] and standard equilibrium ensem-
bles do not describe the late-time dynamics. Because
eigenstate phases are athermal, standard no-go theorems
prohibiting equilibrium phase transitions in, e.g., one-
dimensional systems do not apply, opening a new world
of possibilities.

While the general conditions for the occurrence of
such phases are not known, disordered systems provide a
paradigmatic example: for sufficiently strong disorder a
many-body localized (MBL) phase can appear [3H6]. One
exciting feature of such localized systems is that they can
preserve quantum order at infinite temperature [7H9], en-
abling, e.g., the storage of quantum information [10, [I1].
One therefore has an interesting interplay of interactions,
disorder, and symmetry.

A natural question is whether there is new interest-
ing physics between the two extremes represented by
thermalizing and nonergodic systems. The answer is
yes. In clean systems a so-called quantum disentan-
gled liquid has been proposed [12HI4] where some de-
grees of freedom have an area-law entanglement entropy.
Related but different possibilities include weak ergodic-
ity breaking in clean one-dimensional (1D) systems due
to local Hilbert-space constraints [15], dynamical bot-
tlenecks [I6HI9], energy-scale separation [20] 2], or an
effective initial-state disorder due to conserved quanti-
ties [22H24] or gauge invariance [25]. While in 1D spin-
1/2 systems sufficiently strong disorder will cause full
MBL, in higher dimensions [26] one might expect delo-

calization [27] (see though [28]) and ergodicity. An in-
termediate regime where rich new phases might be possi-
ble is disordered spin ladder models or, equivalently, sys-
tems with onsite Hilbert space dimension greater than
two. Such models arise naturally in systems with sym-
metries, such as experimental implementations [29] [30]
of the disordered Fermi-Hubbard chain [3I], which have
an SU(2) spin-rotation symmetry. One can argue that
non-Abelian symmetries favor delocalization due to the
presence of highly degenerate multiplets [9] [32] [33]. This
is indeed what happens: spin and charge degrees of free-
dom behave markedly differently [34], and there is an
ongoing discussion [35H42] on the ultimate fate of such
SU(2) symmetric systems, and more generally of mod-
els with enlarged onsite Hilbert spaces and discrete non-
Abelian [43] [44] or Abelian [45] symmetries.

We study the role of symmetries in a class of inter-
acting systems with onsite disorder. By an explicit con-
struction we prove the existence of exponentially large
invariant subspaces that are either ballistic or localized
regardless of the disorder or interaction strength, and are
present in integrable as well as in chaotic models, irre-
spective of SU(2) symmetry. This shows that even an
innocuous looking system, classified as quantum chaotic
according to eigenlevel statistics, can violate the strong
eigenstate thermalization hypothesis [46H48], stating that
in the thermodynamic limit all eigenstates should be
thermal. Furthermore, the class of models discussed in-
cludes the disordered Fermi-Hubbard chain realized in
recent experiments [30] probing MBL; we thus rigorously
show the importance of symmetries and that choosing
specific simple initial states can fundamentally influence
dynamics in such experiments.

Models.— We study a class of two-leg spin ladders
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FIG. 1. Level spacing distribution for a generic instance of the
model , averaged over 100 disorder realizations. The dis-
tribution is well-described by the Wigner-Dyson distribution
(blue). Inset: Disorder-averaged density of states vs. energy
density e (normalized to lie within the interval [0, 1]) for the
same model. Figenstates corresponding to energies between
the black vertical lines were used to accumulate the statistics
in the main figure. Dashed red vertical lines denote the band-
width of a six-doublon invariant subspace, demonstrating the
finite energy density of eigenstates within this subspace.

with the Hamiltonian
= 1 L
H=H 4o = 23 il + 7> e, (1)
k=1 k=1

where

|| X X y Ly X, X y_y
Py g1 = OkO%41 + 010041 T TiThgr T T Tigprs (1D)

hiy = J(opmi + olmy) + Ap o7 + hi(of, + 77).

Rungs of the ladder are labeled by kK = 1, ..., L, and spins
on the upper and lower legs of the ladder are represented
by Pauli matrices o} and 77 (o = x,y,2), respectively.
In numerical examples hj is drawn uniformly at random
from the interval [—h, h]. For J = 0 the model is equiv-
alent to the Fermi-Hubbard model by a Jordan-Wigner
transformation [49] (spins on the upper and lower legs
correspond to spin-up and -down fermions, respectively,
and Ay, corresponds to the onsite Hubbard interaction).

The model has a U(1) symmetry associated with
the total magnetization Z = Z,le(az +77). It also has
a Zg symmetry oy <> 7¢. In the Hubbard case (J = 0)
one has an additional SU(2) spin-rotation symmetry [50].
This motivates the definition of “charge” and “spin” den-
sities d, = 1(o% + 77) and s = i(0f — 77), respec-
tively. In the Hubbard language, (d;) = +1 corresponds
to the presence of a doublon/holon, while (s;) = £1 cor-
responds to the presence of a spin-up/down fermion.

Quantum ergodicity.— We now demonstrate that
the class of Hamiltonians in Eq. is generically quan-
tum chaotic when the disorder strength A is not too large
(the clean limit of Eq. (1)) was studied in Ref. [51]). This
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FIG. 2. Diffusive NESS charge transport for weakly disor-
dered models in the full Hilbert space (full triangles for dis-
order h = 0.5, empty symbols for h = 1). Both the Hubbard
case (down triangles and circles) and a generic ladder (squares
and triangles) are shown.

will establish the atypicality of the special eigenstates
constructed below. One common indicator of quantum
chaos is the distribution of the spacing s between adja-
cent many-body energy levels [52]. After averaging over
disorder, once all symmetries have been resolved and en-
ergies corresponding to the atypical eigenstates have been
removed, we find a distribution consistent with Wigner-
Dyson statistics typical of chaotic systems, see Fig.

Another indicator of quantum ergodicity is diffusive
transport, which we demonstrate arises in the model
(1) when disorder is sufficiently weak. Focusing on
high temperature (energy density) transport in large
systems we employ a boundary driven Lindblad mas-
ter equation [53, B4]. We use four Lindblad opera-
tors that raise/lower the magnetization at site k = 1
(two for each ladder leg), and four that act at k = L.
Details about the method and driving, which induces
transport of the charge dj (which is conserved also for
J # 0), can be found in e.g. [55], where a clean Hub-
bard model was studied. At late times the solution
p(t) of the Lindblad master equation reaches a unique
nonequilibrium steady state (NESS) po.. Transport is
probed by calculating the L-dependence of the NESS

current expectation value, j = tr(pooj,(cd)), with j]id) =
s(ofor 1 —op0% 1) + 3(TETh L — TR Ty, ) that satisfies
dy = j,id) — j,(;l_)l. For large L the boundary density is
tr(poodi,r) =~ £p and so for our weak driving g = 0.1 we
have Ad = (d1) — (dr) ~ 0.2. For small disorder h = 0.5
or h =1 the charge density profiles (not shown) are lin-
ear, as expected for diffusion. In Fig. 2] we show that
j ~ 1/L, so that the diffusive law j = D% holds. We
stress that the observed diffusion is not a consequence of

boundary driving but a true property of the bulk [56].

Invariant subspaces.— We now explicitly construct
a number of invariant subspaces of the Hamiltonian
that will enable us to analytically show the existence of
ballistic and/or localized eigenstates irrespective of the
values of the parameters J, hi, and Ag. Let us take



Eigenstate Notation (di) Eigenenergy
singlet 18) = 25 (|$) - |})>) 0 ES = 2] — A,
triplet IT) = X (|‘1“) + |;>) 0 ET =27 — A,
doublon |D) = |g> +1 EP = Ay +2hy
holon |H) := 1) -1 EF = Ay —2hy

TABLE 1. Notation for eigenstates of ki [see ], with corre-

sponding eigenenergies and charge densities dx = 5 (0% + 7%).

-

for a local basis the eigenstates of hi-. Denoting by 0
and 1 the two eigenstates of ¢” with eigenvalues +1 and
—1, respectively, and by, e.g., |(1)> a rung state with 1
in the upper leg and 0 in the lower, we have the four
rung eigenstates described in Table [ Products of rung
eigenstates, i.e., |ay ...ar), a € {S,T, H, D}, are mani-
festly eigenstates of the total rung Hamiltonian H+ with
eigenenergies E¢ = izk E}*. Following Ref. [51], the
leg Hamiltonian has a very simple action on some basis
states. Namely, acting on two neighboring rungs gives

ﬁj € {SaT}v
(o7} S {H,D},

h‘lﬂ‘,k+1|akﬁk+1> = 2|Brokt1),
h‘k‘,k-}-1|ﬁkak+1> = 2| Br+1),

i.e., if a doublon or a holon meets a singlet or a triplet
they just exchange positions. Eq. specifies HII’s ac-

tion on 8 of the 16 two-rung basis states. Four more
important relations are the annihilations
hy yo1 {ST. TS, HH, DD}) = 0. (3)

The action on the remaining four two-rung basis
states [57] induces a nontrivial dynamics outside of the
invariant subspaces, and will not be needed here.

Using relations and we can readily construct
invariant subspaces. First, we observe that the states
|STST ---) and |T'STS - --) are annihilated by H!l - they
are “vacuum” states (inert backgrounds). If we now in-
sert into one of these vacuum states an arbitrary num-
ber of only doublons, or only holons, such a subspace
will be invariant under H!l. Starting with, e.g., two
holons |STSH,;TSH,TS---), a repeated action of HIl
will only move the two holons around to all possible (g)
positions j, k, preserving the number of each of the four
letters. Similar behavior arises upon inserting only dou-
blons. Inserting r doublons (or holons) results in an (f)—
dimensional invariant subspace of H . The total di-
mension of all such invariant subspaces is 2712,

The Hamiltonian describing the dynamics within an
invariant subspace has constant off-diagonal elements for
each possible hop of D or H, and diagonal elements given
by the total rung eigenenergies F'¢*. The dynamics is that
of noninteracting particles, i.e., a tight-binding model
with onsite energies given by the eigenenergies of the local
rung states ay, (Table[I). Depending on the choice of Ay
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FIG. 3. Ballistic (top) vs. localized (bottom) charge dynamics
in a two-doublon invariant subspace in the Fermi-Hubbard
model from exact diagonalization at L = 100. The charge
density profile is shown for various times t = 0, ..., 400. Inset:
Charge density vs. t on a single site initially populated by a
doublon for h = 0 (red) and h = 2 (blue). The dynamics
outside of the invariant subspaces is ergodic for h = 2.

and hg, we can have rich free physics embedded within a
seemingly generic (chaotic or integrable) model. Let us
single out some of the more interesting examples: (i) con-
stant A; = A and uniformly random h; results in Ander-
son localization in any doublon or holon subspace for any
disorder strength (their onsite disorder is simply +2h;,
see Table [I); (ii) disordered A; = h; causes a constant
energy offset —hy, for all four basis states while the dou-
blon state has an additional onsit e energy of +4h;, lead-
ing to Anderson localization in the doublon subspaces
and ballistic transport in the holon subspaces, again ir-
respective of the disorder strength (see [58] for a study of
an interaction-disordered Hubbard model); (iii) by using
either case (i) or case (ii) with a quasiperiodic potential
hj = Acos (2mkj + @) one can realize the Aubry-André-
Harper model [59] [60], which features ballistic, diffusive,
or localized dynamics depending on .

The subspaces constructed here do not seem to be re-
lated to any local conserved quantity. They exist irre-
spective of the presence or absence of SU(2) symmetry
or integrability (they arise both in the integrable clean
Hubbard case and the chaotic case with J # 0). Cru-
cial for their existence is the simple nature of H! and
the presence of a Zy symmetry leading to a decoupling
of the singlet and triplet states from disorder.

We emphasize that invariant subspaces with a finite
density of doublons or holons are exponentially large in L
and yield finite-energy-density eigenstates of the Hamil-
tonian because the bandwidth of such states scales
with the doublon/holon number (see inset of Fig. [I]).
Such eigenstates are thus highly atypical: Anderson-
localized subspaces [cases (i)—(iii)] host eigenstates with
area-law entanglement that do not contribute to trans-
port, while subspaces that decouple from the disorder



[cases (ii)—(iii)] host volume-law-entangled eigenstates
that provide a ballistic contribution to transport. In
contrast, generic eigenstates of the model both ex-
hibit volume-law entanglement and contribute to diffu-
sive transport. Moreover, these invariant subspaces are
spanned by simple product states that are experimentally
accessible, as we discuss below.

Experimental implementation.— The very fact
that we have localized subspaces should facilitate experi-
mental observation: clear ergodicity breaking can be ob-
served by preparing an initial product state in such a
subspace. This is illustrated in Fig. [3] for the important
special case of the Hubbard model. Starting from an ini-
tial state containing two doublons in an ST background,
the initial charge stays localized for h = 2, while it re-
laxes ballistically in the clean Hubbard model (h = 0).
Even if the initial state is prepared imprecisely and does
not lie exclusively within a localized subspace, its time
evolution will show a localized component as long as it
has finite overlap with one such subspace.

All ingredients needed for such an evolution have been
experimentally realized. The initial states can be chosen
to be simple product states. However, they are not in
the natural experimental basis of local-density product
states with definite fermion spin in the z-basis. To reach
these states, two crucial ingredients are required. First,
one needs the ability to prepare initial states with a con-
trolled charge density and spin profile; progress in this di-
rection has recently been made with fermionic quantum
gas microscopes [6IH63]. Moreover, high-fidelity single-
site addressing of the spin state in a bosonic optical lat-
tice was demonstrated in [64]. An example of a relevant
initial state to prepare to reach the subspace containing
one doublon on site kg in a T'S background is

P P et
-+ €L k=261 o1 (CL kO ko )Lk +1Cg 2 -~ [0 (4)

where 01 1k creates a spin-up/down fermion on site k
and |Q) is the vacuum. Performing a global spin rotation
U = exp(—iZSy), where Sy = £ 3, chCT,k — c%kci,k,
then brings the z-basis fermion spin states into the z-
basis [65]. In practice such a rotation could be performed
in two steps, rotating first around the z-axis (by resonant
pumping between hyperfine levels) and then the z-axis
(using a Zeeman shift). The necessary ingredients to per-
form such rotations have already been demonstrated in
experiments [64) [66], even with single-site resolution [64].

In practice one also must contend with an inexact re-
alization of the model, including, e.g., weak breaking of
the Zs leg-exchange symmetry (see, e.g., [67]). We nu-
merically check how much such weak symmetry break-
ing changes the dynamics on experimentally relevant
timescales. To that end we replace the Zs-symmetric
disorder in with slightly asymmetric onsite fields,
hiof + hj. 17, where (h}, — hy)/h = & is a random num-
ber uniformly distributed over [—5, §]. Using a matrix
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FIG. 4. Evolution for a two-doublon (A and B), and a two-
holon initial state (C and D) for weak 4% breaking of Zo
symmetry (¢ = 0.04). All data are for J = 0, A; = h;,
L = 200, and the same disorder realization in all frames.
Color (shown in a log-scale) shows the charge (A and C) and
spin density (B and D).

product state ansatz we evolve the initial state under this
modified Hamiltonian with ¢ = 0.04, J = 0 and Ay = hy,
starting with either a two-holon or a two-doublon initial
state. Recall that in this case, for perfect Zs symmetry,
the doublons are localized, while the holons are ballistic.
Results are shown in Fig. [l We can see that some spin
density si(t) is indeed created on a timescale ~ 1/e (for
£ = 0 one has si(t) = 0), but grows only to about 1071
with time. The charge density di(¢) on the other hand
shows the same localized/ballistic dynamics as without
the symmetry breaking. We note that for the Hubbard
model with A; = A, where holons and doublons are both
localized, the dynamics for € # 0 (data not shown) is es-
sentially the same as in Figs. and B. Thus the charge
dynamics is rather resilient for weak symmetry breaking.

Conclusion.— We have explicitly constructed a new
class of exponentially many ballistic or localized eigen-
states embedded in an otherwise (in general) chaotic
model. The phenomenon is exact and independent of
interaction or disorder strength, in contrast to, e.g., lo-
calized states observed numerically for strong disorder in
ladder systems in Refs. [41] 45]. While our construc-
tion includes the disordered SU(2)-symmetric Fermi-
Hubbard model as an important special case, the re-
sult is more general and does not rely on the presence
of SU(2) symmetry. In this sense it is also different from
the (polynomially many) special exact eigenstates with



~ log L entanglement entropy identified in non-integrable
SU(2)-symmetric models [41], [68H70].

Our results also shed light on the question of localiza-
tion in systems with non-Abelian symmetries. While it
is known that disorder can protect against spontaneous
symmetry breaking [7HJ], we find, intriguingly, that a
reverse effect is possible — a global Zs symmetry can pro-
tect exponentially many localized eigenstates against de-
localization due to the SU(2) symmetry. We note that
such Zy symmetry necessarily arises in spinful fermionic
models with onsite disorder and SU(2) symmetry [7]]
probed experimentally [29, [30]. We also demonstrated
the resilience of the subspace dynamics in the presence
of weak Zy symmetry breaking. An interesting possibility
is to construct essentially arbitrary transport dynamics
within an invariant subspace using engineered disorder,
as well as to generalize these results to other models with
more degrees of freedom per lattice site.

T.I. is supported by a JQI postdoctoral fellowship, the
Laboratory for Physical Sciences, and Microsoft. M.Z. is
supported by Grants No. J1-7279 and No. P1-0044 from
the Slovenian Research Agency. We would like to thank
KITP for its hospitality during the program “The Dy-
namics of Quantum Information,” where this work was
initiated. This research was supported in part by the Na-
tional Science Foundation under Grant No. NSF PHY-
1748958.

[1] S. A. Parameswaran, A. C. Potter, and R. Vasseur,
FEigenstate phase transitions and the emergence of univer-
sal dynamics in highly excited states, Ann. Phys. (Berl.),
1600302 (2017).

[2] L. D’Alessio, Y. Kalfri, A. Polkovnikov, and M. Rigol,
From quantum chaos and eigenstate thermalization to
statistical mechanics and thermodynamics, Adv. Phys.
65, 239 (2016).

[3] R. Nandkishore and D. A. Huse, Many body localiza-
tion and thermalization in quantum statistical mechanics,
Annu. Rev. Condens. Matter Phys., 6, 15 (2015).

[4] E. Altman and R. Vosk, Universal dynamics and
renormalization in  many body localized systems,
Annu. Rev. Condens. Matter Phys., 6, 383 (2015).

[5] F. Alet and N. Laflorencie Many-body localization: an in-
troduction and selected topics, Comptes Rendus Physique
19, 498 (2018).

[6] D. A. Abanin, E. Altman, I. Bloch, and M. Ser-
byn, Ergodicity, entanglement and many-body localiza-
tion, arXiv:1804.11065.

[7] D. A. Huse, R. Nandkishore, V. Oganesyan, A. Pal,
and S. L. Sondhi, Localization protected quantum order,
Phys. Rev. B 88, 014206 (2013).

[8] B. Bauer and C. Nayak, Area laws in a many-body lo-
calized state and its implications for topological order,
J. Stat. Mech. 2013, P09005 (2013).

[9] A. Chandran, V. Khemani, C. R. Laumann, and
S. L. Sondhi, Many-body localization and symmetry-
protected topological order, Phys. Rev. B 89, 144201

(2014).

[10] R. Vasseur, S. A. Parameswaran, and J. E. Moore, Quan-
tum revivals and many-body localization, Phys. Rev. B
91, 140202(R) (2015).

[11] Y. Bahri, R. Vosk, E. Altman, and A. Vishwanath, Local-
ization and topology protected quantum coherence at the
edge of hot matter, Nat. Commun. 6, 7341 (2015).

[12] T. Grover and M. P. A. Fisher, Quantum disentangled
liquids, J Stat. Mech. 2014, P10010 (2014).

[13] J. R. Garrison, R. V. Mishmash, and M. P. A. Fisher,
Partial breakdown of quantum thermalization in a
Hubbard-like model, Phys. Rev. B 95, 054204 (2017).

[14] T. Veness, F. H. L. Essler, and M. P. A. Fisher, Quan-
tum disentangled liquid in the half-filled Hubbard model,
Phys. Rev. B 96, 195153 (2017).

[15] C.J. Turner, A. A. Michailidis, D. A. Abanin, M. Serbyn,
and Z. Papi¢, Weak ergodicity breaking from gquantum
many-body scars, Nat. Phys. 14, 745 (2018).

[16] M. Schiulaz and M. Miiller, Ideal quantum glass transi-
tions: many-body localization without quenched disorder,
AIP Conf. Proc. 1610, 11 (2014).

[17] M. Van Horssen, E. Levi, and J. P. Garrahan, Dynam-
ics of many-body localisation in a translation invariant
quantum glass model, Phys. Rev. B 92, 100305 (2015).

[18] Z. Lan, M. Van Horssen, S. Powell, and J. P. Garrahan,
Quantum slow relaxzation and metastability due to dy-
namical constraints, Phys. Rev. Lett. 121, 040603 (2018).

[19] A. A. Michailidis, M. Znidaric, M. Medvedyeva,
D. A. Abanin, T. Prosen, and Z. Papié, Slow dy-
namics in translation-invariant quantum lattice models,
Phys. Rev. B 97, 104307 (2018).

[20] G. Carleo, F. Becca, M. Schird, and M. Fabrizio, Localiza-
tion and glassy dynamics of many-body quantum systems,
Scientific Reports 2, 243 (2012).

[21] N. Y. Yao, C. R. Laumann, J. I. Cirac, M. D. Lukin,
J. E. Moore, Quast many-body localization in translation
invariant systems, Phys. Rev. Lett. 117, 240601 (2016).

[22] A. Smith, J. Knolle, D. L. Kovrizhin, and R. Moessner,
Disorder-free localization, Phys. Rev. Lett. 118, 266601
(2017).

[23] A. Smith, J. Knolle, R. Moessner, and D. L. Kovrizhin,
Absence of ergodicity without quenched disorder: From
quantum disentangled liquids to many-body localization,
Phys. Rev. Lett. 119, 176601 (2017).

[24] A. Smith, J. Knolle, R. Moessner, and D. L. Kovrizhin,
Dynamical localization in Zo lattice gauge theories,
Phys. Rev. B 97, 245137 (2018).

[25] M. Brenes, M. Dalmonte, M. Heyl, and A. Scardicchio,
Many-body localization dynamics from gauge invariance,
Phys. Rev. Lett. 120, 030601 (2018).

[26] J. Choi, S. Hild, J. Zeiher, P. Schau}, A. Rubio-Abadal,
T. Yefsah, V. Khemani, D. A. Huse, I. Bloch, and
C. Gross, Ezploring the many-body localization transition
in two dimensions, Science 352, 1547 (2016).

[27] W. De Roeck and F. Huveneers, Stability and instability
towards delocalization in many-body localization systems,
Phys. Rev. B 95, 155129 (2017).

[28] A. Chandran, A. Pal, C. R. Laumann, and A. Scardic-
chio, Many-body localization beyond eigenstates in all di-
mensions, Phys. Rev. B 94, 144203 (2016).

[29] P. Bordia, H. P. Liischen, S. S. Hodgman, M. Schreiber,
I. Bloch, and U. Schneider, Coupling identi-
cal one-dimensional many-body localized systems,
Phys. Rev. Lett. 116, 140401 (2016).



[30] M. Schreiber, S. S. Hodgman, P. Bordia, H. P. Liischen,
M. H. Fischer, R. Vosk, E. Altman, U. Schneider, and
I. Bloch, Observation of many-body localization of inter-
acting fermions in a quasirandom optical lattice, Science
349, 842 (2015).

[31] R. Mondaini and M. Rigol, Many-body localiza-
tion and thermalization in disordered Hubbard chains,
Phys. Rev. A 92, 041601(R) (2015).

[32] A. C. Potter and R. Vasseur, Symmetry constraints on
many-body localization, Phys. Rev. B 94, 224206 (2016).

[33] 1. V. Protopopov, W. W. Ho, D. A. Abanin, The effect
of SU(2) symmetry on many-body localization and ther-
malization, Phys. Rev. B 96, 041122 (2017).

[34] P. Prelovsek, O. S. Barisi¢, and M. Znidari¢, Absence
of full many-body localization in the disordered Hubbard
chain, Phys. Rev. B 94, 241104(R) (2016).

[35] S. A. Parameswaran and S. Gopalakrishnan, Spin-
catalyzed hopping conductivity in disordered strongly in-
teracting quantum wires, Phys. Rev. B 95, 024201 (2017).

[36] Y. Zhao, S. Ahmed, and J. Sirker, Localization of
fermions in coupled chains with identical disorder, Phys.
Rev. B 95, 235152 (2017).

[37] J. Bonca and M. Mierzejewski, Delocalized charge car-
riers in strongly disordered t-J model, Phys. Rev. B 95,
214201 (2017).

[38] M. Mierzejewski, M. Kozarzewski, and P. Prelovsek,
Counting local integrals of motion in disordered spinless-
fermion and Hubbard chains, Phys. Rev. B 97, 064204
(2018).

[39] J. Zakrzewski and D. Delande, Spin-charge separation
and many-body localization, Phys. Rev. B 98, 014203
(2018).

[40] M. Kozarzewski, P. Prelovsek, and M. Mierzejew-
ski, Spin subdiffusion in disordered Hubbard chain,
Phys. Rev. Lett. 120, 246602 (2018).

[41] X. Yu, D. Luo, and B. K. Clark, Beyond many-
body localized states in a spin-disordered Hubbard model,
Phys. Rev. B 98, 115106 (2018).

[42] 1. Protopopov and D. A. Abanin, Spin-mediated particle
transport in the disordered Hubbard model, Phys. Rev. B
99, 115111 (2019).

[43] A. J. Friedman, R. Vasseur, A. C. Potter, and
S. A. Parameswaran, Localization-protected order in
spin  chains with non-Abelian discrete symmetries,
Phys. Rev. B 98, 064203 (2018).

[44] A. Prakash, S. Ganeshan, L. Fidkowski, and T.-C. Wei,
FEigenstate phases with finite on-site non-Abelian symme-
try, Phys. Rev. B 96, 165136 (2017)

[45] M. Schecter, T. Iadecola, and S. Das Sarma,
Configuration-controlled many-body localization and the
mobility emulsion, Phys. Rev. B 98, 174201 (2018).

[46] G. Biroli, C. Collath, and A. M. Lauchli, Effect of rare
fluctuations on the thermalization of isolated quantum
systems, Phys. Rev. Lett. 105, 250401 (2010).

[47] L. D’ Alessio, Y. Kafri, A. Polkovnikov, and M. Rigol,
From quantum chaos and eigenstate thermalization to
statistical mechanics and thermodynamics, Adv. Phys.
65, 239 (2016).

[48] J. M. Deutsch, Eigenstate thermalization hypothesis,
Rep. Prog. Phys. 81, 082001 (2018).

[49] B. S. Shastry, Infinite conservation laws in the one-
dimensional Hubbard model, Phys. Rev. Lett. 56, 2334
(1986).

[50] F. H. L. Essler, H. Frahm, F. Géhmann, A. Klimper,

and V. E. Korepin, The one-dimensional Hubbard model
(Cambridge, 2005).

[51] M. Znidari¢, Coezistence of diffusive and ballistic trans-
port in a simple spin ladder, Phys. Rev. Lett. 110, 070602
(2013).

[62] F. Haake, Quantum signatures of chaos, 3rd ed.
(Springer, Berlin, 2010).

[63] V. Gorini, A. Kossakowski, and E. C. G. Sudarshan,
Completely positive dynamical semigroups of N-level sys-
tems, J. Math. Phys. 17, 821 (1976).

[64] G. Lindblad, On the generators of quantum dynamical
semigroups, Commun. Math. Phys. 48, 119 (1976).

[55] T. Prosen and M. Znidari¢, Diffusive high-temperature
transport in the one-dimensional Hubbard model,
Phys. Rev. B 86, 125118 (2012).

[56] M. Znidari¢, Nonequilibrium steady-state Kubo formula:
equality of transport coefficients, Phys. Rev. B 99, 035143
(2019).

[57) We also have hjl, (ITT) +1SS)) = 0, b} ., (|HD) —
|DH)) = 0, as well as hy , ., (|TT) — |SS)) = 4(/HD) +
[DH)) and hy ., ((HD) +|DH)) = 4(TT) ~ |S5)).

[68] Y. Bar Lev, D. R. Reichman, and Y. Sagi, Many-body
localization in system with a completely delocalized single-
particle spectrum, Phys. Rev. B 94, 201116(R) (2016).

[59] P. G. Harper, Single band motion of conduction elec-
trons in a uniform magnetic field, Proc. R. Soc., London
Sect. A 68, 874 (1955).

[60] S. Aubry and G. André, Analyticity breaking and An-
derson localization in incommensurate lattices, Ann. Isr.
Phys. Soc. 3, 133 (1980).

[61] L. W. Cheuk, M. A. Nichols, M. Okan, T. Gers-
dorf, V. V. Ramasesh, W. S. Bakr, T. Lompe, and
M. W. Zwierlein, Quantum-gas microscope for fermionic
atoms, Phys. Rev. Lett. 114, 193001 (2015).

[62] M. F. Parsons, F. Huber, A. Mazurenko, C. S. Chiu,
W. Setiawan, K. Wooley-Brown, S. Blatt, and
M. Greiner, Site-resolved imaging of fermionic ®Li in an
optical lattice, Phys. Rev. Lett. 114, 213002 (2015).

[63] D. Mitra, P. T. Brown, E. Guardado-Sanchez, S. S. Kon-
dov, T. Devakul, D. A. Huse, P. Schauf}, and W. S. Bakr,
Quantum gas microscopy of an attractive Fermi-Hubbard
system, Nat. Phys. 14, 173 (2018).

[64] C. Weitenberg, M. Endres, J. F. Sherson, M. Cheneau,
P. SchauB3, T. Fukuhara, I. Bloch, and S. Kuhr, Single-
spin addressing in an atomic Mott insulator, Nature
(London) 471, 319 (2011).

[65] Note that a global spin rotation suffices, as the doublon
and holon states are SU(2)spin singlets. In the spin lan-
guage one would use U = exp (—i§ >, 047 — 057k )-

[66] Y.-J. Lin, K. Jiménez-Garcia, and 1. B. Spielman, Spin-
orbit-coupled Bose-Finstein condensates, Nature (Lon-
don) 471, 83 (2011).

[67] P. Bordia, H. Liischen, U. Schneider, M. Knap, and
1. Bloch, Periodically driving a many-body localized quan-
tum system, Nat. Phys. 13, 460 (2017).

[68] C.-N. Yang, n pairing and off-diagonal long-range order
in a Hubbard model, Phys. Rev. Lett. 63, 2144 (1989).

[69] S. Moudgalya, S. Rachel, B. A. Bernevig, and N. Reg-
nault, FEzact excited states of non-integrable models,
Phys. Rev. B 98, 235155 (2018).

[70] S. Moudgalya, N. Regnault, and B. A. Bernevig, Entan-
glement of exact excited states of AKLT models: exact
results, many-body scars and the violation of strong ETH,



Phys. Rev. B 98, 235156 (2018).

[71] To have only SU(2) symmetry without any global dis-
crete one would require, e.g., bond-disordered models,
which as far as localization is concerned are known to be
different [72] [73].

[72] R. Vasseur, A. J. Friedman, S. A. Parameswaran, and

A. C. Potter, Particle-hole symmetry, many-body local-
ization, and topological edge modes, Phys. Rev. B 93,
134207 (2016).

[73] R. Vasseur, A. C. Potter, S. A. Parameswaran, Quantum
criticality of hot random spin chains, Phys. Rev. Lett.
114, 217201 (2015).



	Exact localized and ballistic eigenstates in disordered chaotic spin ladders and the Fermi-Hubbard model
	Abstract
	References


