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The most general and versatile defining feature of quantum chaotic systems is that they possess
an energy spectrum universally described by random matrix theory (RMT). This feature can be
exhibited by systems with a well defined classical limit as well as by systems with no classical cor-
respondence, such as locally interacting spins or fermions. Despite great phenomenological success,
a general mechanism explaining the emergence of RMT without reference to semiclassical concepts
is still missing. Here we provide exact analytical results for the energy spectrum of the Floquet
propagator of the kicked Ising spin-1/2 chain with longitudinal and transverse fields. Specifically,
we write the Fourier transform of spectral density’s two-point function, the spectral form factor, in
terms of a partition function of a two-dimensional classical Ising model featuring a space-time dual-
ity. We show that the self-dual cases provide a minimal model of many-body quantum chaos, where
the spectral form factor is demonstrated to match RMT for all values of the integer time variable
t in the thermodynamic limit. In particular, we rigorously prove RMT form factor for odd t, while
we formulate a precise conjecture for even t. Our results imply ergodicity for any finite amount of
disorder in the longitudinal field, rigorously excluding the possibility of many-body localization.

The importance of minimal models in theoretical and
mathematical physics can hardly be overstated. In such
models, or classes of models, all inessential details are
pruned away and one can isolate clean paradigms, greatly
advancing the understanding of physical phenomena.

Take for instance the two dimensional Ising model in
statistical physics, or in dynamical systems the Sinai
billiards, the geodesic motions on compact constant
negative-curvature Riemannian surfaces, and the linear
toral authomorphims, e.g. Arnold’s cat map. The latter
models are instrumental in characterizing the few well
understood mechanisms of classical ergodicity. Moreover,
when quantized such models provide some of the few ex-
amples where quantum ergodicity (a.k.a. eigenstate ther-
malization hypothesis (ETH) in the many-body context)
can be proven [2] and the famous Selberg’s trace formula
[1] gives exact connection between the set of unstable pe-
riodic orbits and the energy, or quasi-energy spectrum.

For systems with chaotic and ergodic classical limit,
the quantum chaos conjecture [3-5] states that the sta-
tistical properties of energy spectrum are universal and
given in terms of random matriz theory (RMT) [7], where
all matrix elements of the Hamiltonian are considered to
be independent Gaussian random variables. An analo-
gous result for chaotic maps, or periodically driven (Flo-
quet) systems, relates the statistics of quasi-energy levels
to circular ensembles of unitary random matrices [6, 7].
This conjecture has been by now put on firm theoreti-
cal footing by clearly identifying contributions from pe-
riodic orbit theory and RMT for the simplest nontrivial
measure of spectral correlations: the spectral form fac-
tor (SFF) [9-14]. However, it has been rigorously proven
only for a specific type of single-particle models: the in-
commensurate quantum graphs [15, 16].

The situation is even less clear for non-integrable
many-body systems with simple, say clean and local, in-
teractions, where evidence for RMT spectral correlations

are abundant [17-20]. While for many-body systems of
bosons with a large number of quanta per mode, or other
models with small effective Planck’s constant, a semiclas-
sical reasoning may still be used [21-24], the intuition is
completely lost and no methods have been known when it
comes to fermionic or spin-1/2 systems. Very recently, a
few steps of progress have been made. First, an analytic
method analogous to the periodic orbit theory for spin-
1/2 systems has been proposed in Ref. [25]. This method
is able to establish RMT spectral fluctuations for long-
ranged but non-mean-field non-integrable spin chains,
however, it fails in the important extreme case of local
interactions. Second, it has been shown in Refs. [26, 27|
that Floquet local quantum circuits with Haar-random
unitary gates have exact RMT SFF in the limit of large
local Hilbert space dimension ¢q. Remarkably, in both
cases the Thouless time, where universal RMT behavior
sets in, scales as tp ~ log L [25, 27] which is consistent
with detailed numerical computations in Ref. [28].

In this Letter we provide an example of a locally in-
teracting many-body system with ¢ = 2 for which the
SFF exactly approaches the RMT prediction in the ther-
modynamic limit at all times, i.e. t7 = O(1). Thus, we
identify the first exactly solvable model displaying many-
body quantum chaos.

More specifically, we consider the Floquet Ising spin-
1/2 chain with transverse and longitudinal fields, de-
scribed by the following Hamiltonian |29, 30]

Hy [h, t} = Hl[h] -+ 5p(t)HK . (1)
Here 6,(t) = > -___ 8(t—m) is the periodic delta func-
tion and we defined

L L
H[h) =) {Jojoi, +hjoi}, Hk=b> o7, (2)
j=1 Jj=1

where we denote by L the volume of the system, o,

a € {z,y,z}, are the Pauli matrices at position j, and



FIG. 1. Pictorial representation of K (t). The average over h;
produces a transfer matrix T for all j = 1,..., L. Each col-
umn and row of the first lattice correspond respectively to the
tranfer matrix Uxr[h] and the dual transfer matrix Uki[h;e].
Each column and row of the second lattice correspond respec-
tively to the complex conjugate transfer matrix Uki[h]* and
the complex conjugate dual transfer matrix Uxr[h;e€]*.

we impose of,; = of’. The parameters J, b are, respec-
tively, the coupling of the Ising chain and the transverse
kick strength, while h = (hq, ..., hy) describes a position
dependent longitudinal field. Here and in the following,
vectors of length L are indicated by bold latin letters.
For generic values of the longitudinal fields h the only
symmetry possessed by the Hamiltonian (1) is time re-
versal.
The Floquet operator generated by (1) reads as

1
Uxi[h] = Texp{—i /ds Hy[h; s]}z e iHx g —iHi[h] (3)
0

In Floquet systems it is customary to introduce
quasienergies {¢,} defined as the phases of the eigen-
values of the Floquet operator. The quasienergies take
values in the interval [0,27] and their number is equal
to the dimension of the Hilbert space N =2F. The
quasienergy distribution function can then be written as
p(e) = QW’T >, 0(e — ¢p). It is instructive to consider the
connected two-point function of p(e), defined as

r(v) = 217T/2:1€p(6+2)p<5;)1. (4)

The Fourier transform of this quantity, known as the
spectral form factor, is the main object of our study

2 27

K(t) = 5 [ dver(v) =) een=)t = Ao, (5)

This object can be efficiently calculated in the context
of RMT. Since our system is time reversal invariant, the
RMT prediction relevant to our case is that of the circu-
lar orthogonal ensemble, Kcogr(t) = 2t — ¢t1n(1 + 2¢/N)
for 0 <t < N [7]. SFF represents an extremely efficient
and sensitive diagnostic tool for determining the spec-
tral properties of a system. For example, for integrable

systems, spectral fluctuations are conjectured to be Pois-
sonian [8] and SFF is drastically different, K (¢) = N for
all ¢ > 0, while any significant deviation from RMT is an
indicator of non-ergodicity (e.g. due to localization).
Floquet SFF is defined for integer times ¢ only (mul-
tiples of driving period) and for ¢ > 0 admits a simple
representation in terms of the Floquet operator (3)

K(t) = |tr (UL [R)]* . (6)

The trace of the Floquet operator can be thought of as
the partition function of a two dimensional classical Ising
model defined on a periodic rectangular lattice of size
tx L

 Uialh]) = X TT (arale” it

{s-}7=1
= [(sin 2b)/(20)] /2 Y~ e Elemabhl ()
{s+,;}

Here the configurations are specified by {s1,...,s:} =
{sr;}, where s;; € {£1=1]} for all 7,j, and can
be regarded as classical spin variables, |s) is such that
0% |s) = s;|s) and the energy of a configuration reads as

t L
E{srsh Al =D > (Jsrjsrjtr+J s 50415+ hjse;)

T=1j=1
(8)
where J' = —% — logtanb. Note that the Boltzmann
weights of this model are generically complex.

Observing that (8) couples only “spins” on neighbour-
ing sites in both ¢ and L directions, the partition function
(7) can be written both as the trace of a transfer matrix
propagating in the time direction and as the trace of a
transfer matrix propagating in the space direction. This
reveals the known duality transformation of the kicked
Ising model [31, 32]. The transfer matrix in the time di-
rection is clearly given by Uki[h], while the transfer ma-
trix in space, UKI[ 51, is given by the same algebraic form
(2,3) exchanging J and J’ but acting on a spin chain of
t sites. Moreover, it acts at non-stationary homogeneous
field h; = hje, where € = (1,...,1) is a t-component
constant vector. In other words, we have the identity

tr (Ugg[h]) = tr H Uxilhje] | - (9)

Here Uxilh] acts on Hp = (C?)®F and Ugilh;e€] acts
on H; = (C?)®*. Note that Uk;[h;e] is generically non-
unitary: it becomes unitary only for |J| = |[b| = § where
J' = £%. We call these points of parameter space the
“self dual points” and from now we focus on these.

The SFF is known to be a non-self averaging quan-
tity [33]. This means that K(¢) computed in a single
system, i.e. for fixed parameters J, b, h, does not gener-
ically reproduce the ensemble average. In order to com-
pare to RMT predictions we then need to average over



an ensemble of similar systems. Here we consider a very
natural form of averaging by introducing disorder (which
we may switch off at the end of calculation): we assume
that the longitudinal magnetic fields at different spatial
points h; are independently distributed Gaussian vari-
ables with the mean value h and variance o2 > 0, and
we average over their distribution. In other words, we
consider

K(t) = En [K (1)) = B [tr (Uk[R]) tr (Ula[R])"] . (10)

where the symbol Ep[-] denotes the average over the lon-
gitudinal fields

L

W= [ e

The average in (10) mixes two copies of the classical
Ising model (8) with complex conjugate couplings. Af-
ter rewriting in terms of dual transfer matrices (9), and
noting [tr U|? = tr (U ® U*), we see that the average fac-
torizes row-by-row, and local averaging results in trans-
lationally invariant coupling between two periodic rows
of t spins at the same spatial point. The resulting av-
eraged SFF can again be interpreted as the trace of an
appropriate transfer matrix in spatial direction (Fig. 1)

-—h /2(72 dh

T ()

K(t) =tr (T%), (12)
where the transfer matrix acts on H; ® H; and reads as

T =E, {UKI[he] ® UKI[hE]*} = (ﬁKI ® Ufél) -0, . (13)

Here Uk = ﬁKI[fze] and the local gaussian average is
encoded in the following positive symmetric matrix

Oy = exp [—202 M,21-1® MZ)2:| ) (14)

where M, = YL_, 02 for a € {z,y,2}. Note that, be-
cause of Q,, the matrix T is a non-unitary contraction.

The disorder averaged SFF K (t) can be computed nu-
merically by evaluating (6) for several values of the lon-
gitudinal fields and then taking the average (11). This
can be done for small systems up to very large times and
the result is found in good agreement with RMT even at
short times, as shown in Fig 2. Here, however, we follow
a different route. We use Eq. (12) to analytically com-
pute K (t) in the thermodynamic limit L — co. Before
proceeding with the calculation we note that Fig 2 pro-
vides strong numerical evidence for the validity of RMT
also in the thermodynamic limit, indeed for ¢ << A the
system behaves as if it were effectively of infinite size.

In the thermodynamic limit, the averaged SFF is en-
tirely determined by the eigenvalues of T with largest
magnitude. Our strategy here is to find all such eigen-
values. To do that, it is useful to exploit the following
property [34]

Property 1. (i) the eigenvalues of T have at most unit
magnitude; (ii) even if T is generically not guaranteed
to be diagonalisable, the algebraic and geometric multi-
plicites of any eigenvalue of magnitude 1 coincide.

We shall construct all eigenvectors |A) of T of unimod-
ular eigenvalues. First, we note that all such |A) lie in
the eigenspace of O, with unit eigenvalue. This is seen
by expanding (A|TTT|A) = 1 in an eigenbasis of Q,
ZI (Afn) |03, (15)

1 = (A|TTT|A) = (A|Q%|A) =

where 0 < 05, < 1 are the eigenvalues of Q,. Since |A) is
normalized and {|n)} is complete, this is possible only if
(A|n) =0 for all 05, < 1. In other words, |A) is a linear
combination of eigenvectors of @, with unit eigenvalue,
namely Q,|A) = |A). Using the exponential form (14) of
Oy, we see that this condition means that all |A) are in
the kernel of M, ® 1 — 1 ® M,. Putting all together, we
have that the eigenvectors |A) associated to unimodular
eigenvalues must satisfy [35]

(UKI ® (”J;;I) |A) = e®[A), $el0,2n]  (16)

(M, @1-1® M,)|A)=0.
These conditions can be turned into equations for opera-

tors over H; as follows. Denoting by {|n)} a basis of H,,
we can expand a generic vector in H; ® H; as

A) =3 A |n) ® [m)" (17)

n,m

where the 22! complex numbers {A,, ,,, } are interpreted as
the matrix elements of an operator A: (n|Ajm) = A, .
The operator A is in one-to-one correspondence with the
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FIG. 2. SFF in the disordered kicked Ising model at the

self-dual point. The figure compares the time evolution of
the SFF for different widths o of the disorder distribution.
Other parameters are fixed to L = 15 and h = 0.6. The inset
highlights the short-time window. The large-time fluctuations
are due to a finite number (N = 9490) of disorder realizations.



state | A) and we can rewrite the conditions (16) as follows

[A,M.]=0  UxAUf, = €®A. (18)

After some simple manipulations [34] we find

Property 2. The relations (18) are equivalent to

UAUT = A, [A,M,]=0, ac{zyz}, (19)

where we defined a unitary operator

U =exp |"LZ Z (cZoZ,, — ]l)] . (20)

=1

U is diagonal in the canonical basis |s) and gives the par-
ity of half-number of domain walls in the periodic t—spin
configuration s; the property U2 = 1 implies ¢ € {0, 7}.
Namely, the unimodular eigenvalues of T are either 1 or
—1. By exact numerical diagonalization of T we find that
the eigenvalues —1 are much rarer than +1 and are ob-
served only for small systems, see Tab. I. In particular, for
odd t we have the following additional symplification [34]

Property 3. ¢ =0 for odd t.

For odd ¢ the problem of computing K(t) is then
turned into that of finding all linearly independent ma-
trices A commuting with the set M = {U, M, M, M. }.
A subset of all possible operators commuting with M is
found by considering the common symmetries: reflection
R and one-site shift IT on a periodic chain of ¢ sites

Lt/2]

t—1
O=[[Pre1  R=1]] Pravir- (21)
=1 T7=1

Here P;, = %IL —1—% Yo 0%02 is the elementary permuta-
tion operator (transposition). These operators generate
the so called dihedral group (see, e.g., [36])

G ={II"R™; ne{0,...,t —1}, me {0,1}}, (22)

which is the symmetry group of a polygon with t vertices.
All elements of G, commute with M and we have [34]

Property 4. The number of linearly independent ele-
ments of Gy is 2t fort > 6, 2t — 1 fort € {1,3,4,5}, and
2 fort=2.

We thus have a lower bound on the number of indepen-
dent matrices A fulfilling (19) and hence on the value of
the averaged SFF for odd t. Our main result is to show
that such lower bound is also an upper bound, namely

Theorem 1. For odd t, any A simultaneously commut-
ing with all elements of {U, My, My, M.}, is of the form

t—1 1
A= Z Z an,mHan,

n=0m=0

anm € C. (23)

t ||2]3[4|5/6 | 7|8 |9 |10|11|12|13|14|15|16|17
#.1/\2]5]7(9]13|14|18|18|22|22|25 |26 |29 |30 |33 |34
#_1/|0jojojo[ 2 [0 0|0|2]0|0|0]|0]0]0]0

©

TABLE I. Number of eigenvalues 1 and —1 of the transfer
matrix T determined via exact diagonalization for ¢ < 17.

See [34] for a proof. As the number of such linearly in-
dependent A is the multiplicity of eigenvalue 1 of T, and
since there is a finite gap between unit circle and the rest
of the spectrum, we have

lim I_((t):{2t 1 t§5, t odd. (24)
L—oo 2t, t 2 7

For even t the situation is more complicated. In this
case, we identify an additional independent operator be-
sides G; spanning the commutant of M. This operator
can be written as a projector |1)(¢|, where we introduced
a t—spin singlet state

1 t/2
) = 5711(1 ~Provp) bbby (29)
= t/2 t/2

SatiSfying U |¢> = - |’(/}>7 Ma:,y,z |¢> = Oa I |’(/}> = - |¢>,
R|Y) = (=1)!/2]y). Moreover, for t € {8,10} we iden-
tify the second additional operator commuting with the
set M [34]. Finally, for ¢t € {6,10} we construct two op-
erators satisfying (19) with eigenphase ¢ = 7 [34]. All
these additional operators, except (25), appear to be a
short-time fluke and are observed only for ¢ smaller than
11. We are then lead to conjecture

lim K(t)=2t+1,

L—oo

t>11, teven. (26)

This conjecture, together with the exact result (24), is in
agreement with exact diagonalization of T on chains of
length t < 17, see Tab. I.

The results (24) and (26) are remarkable: we fully re-
covered 2-point RMT spectral fluctuations (in the ther-
modynamic limit) in a simple non-integrable spin-1,/2
chain with local interactions. A key step of our calcu-
lation was to average over the distribution of indepen-
dent longitudinal fields h. This average introduces a fi-
nite gap in the spectrum of the transfer matrix T and
selects the 2t “universal” eigenvalues out of the exponen-
tialy many eigenvalues of T. Note that any nonvanishing
o is sufficient for this astonishing simplification to occur.
Moreover, after the thermodynamic limit is taken there
is no additional dependence of the result on the disorder
variance 02, we can then consider the limit o — 0 corre-
sponding to a clean system. Finally, our result does not
depend on the particular distribution of the longitudinal
fields, as long as they are i.i.d.; a different choice mod-
ifies the form of (14) but not the thermodynamic-limit
result. To get a quantitative estimate of the expected
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FIG. 3. The spectral gap of T as a function of disorder
strength o. The left panel shows A(o) for h = 0 and several
different values of ¢ and we observe a clear even-odd effect
in the data but in both cases the gap is seen to approach a
finite limiting curve for large ¢. The right panel shows A(o)
for t = 13 and several different values of h.

finite size effects, we numerically computed the spectral

_ [Al<1
gap A=1- max)\ECigcnvalucs(T)

disorder standard deviation o for several different mean

|A|, as a function of the

fields and times, see Fig. 3.

Another remarkable consequence of our result is a rig-
orous proof of non-existence of many-body localization
[37-39] at any self-dual point in our model (J,b € {£%})
for any amount of uncorrelated disorder in the longitudi-
nal field. Indeed, knowing that K (¢) = 2¢ for odd t > 7 is
enough to exclude localization which should be connected
to Poissonian behavior.

The novel technique developed, suggests immediate ap-
plications and generalizations in several directions. First,
one can apply it to compute the bipartite entangle-
ment entropy dynamics starting from a random separa-
ble state, testing recent conjectures [40, 41] on its uni-
versal linear behaviour in ergodic systems. Moreover,
our method can be used to rigorously approach ETH by
studying averages and higher moments of distributions
of expectation values of local observables. Finally, one
can use our technique to evaluate dynamical correlation
functions of local observables.

Acknowledgments. The work has been supported by
ERC Advanced grant 694544 — OMNES and the grant
P1-0044 of Slovenian Research Agency. We acknowl-
edge fruitful discussions with M. Akila, B. Gutkin, M.
Ljubotina, A. Nahum, T. H. Seligman, and P. Semrl.

[1] J. Marklof, Selberg’s Trace Formula: An Introduction,
Hyperbolic Geometry and Applications in Quantum
Chaos and Cosmology 397, 83 (2012).

[2] S. Zelditch, Quantum ergodicity and mizing of eigenfunc-
tions, in Encyclopedia of mathematical physics. Vol. 1-5,
Academic Press/Elsevier Science, Oxford (2006).

[3] G. Casati, F. Valz-Gris, and I. Guarneri, On the connec-
tion between quantization of monintegrable systems and
statistical theory of spectra, Lett. Nuovo Cimento Soc.
Ital. Fis. 28, 279 (1980).

[4] M. V. Berry, Quantizing a classically ergodic system:
Sinai’s billiard and the KKR method, Ann. Phys. (N.Y.)
131, 163 (1981).

[5] O. Bohigas, M. J. Giannoni, and C. Schmit, Characteri-
zation of chaotic quantum spectra and universality of level
fluctuation laws, Phys. Rev. Lett. 52, 1 (1984).

[6] F. Haake, Quantum signatures of chaos, 2nd ed.
(Springer, 2001).

[7] M. L. Mehta, Random Matrices and the Statistical The-
ory of Spectra, 2nd ed. (Academic, New York, 1991).

[8] M. V. Berry and M. Tabor, Level clustering in the regular
spectrum, Proc. Royal Society of London. Series A, 356,
375 (1977).

[9] M. V. Berry, Semiclassical theory of spectral rigidity,
Proc. R. Soc. Lond. A 400, 229 (1985).

[10] M. Sieber and K. Richter, Correlations between periodic
orbits and their role in spectral statistics, Phys. Scr. T
90, 128 (2001).

[11] M. Sieber, Leading off-diagonal approzimation for the
spectral form factor for uniformly hyperbolic systems, J.
Phys. A 35, L613 (2002).

[12] S. Miiller, S. Heusler, P. Braun, F. Haake and A. Alt-
land, Semiclassical foundation of universality in quantum
chaos, Phys. Rev. Lett. 93, 014103 (2004).

[13] S. Miiller, S. Heusler, P. Braun, F. Haake and A. Altland,
Periodic-orbit theory of universality in quantum chaos,
Phys. Rev. E 72, 046207 (2005).

[14] K. Saito, T. Nagao, S. Miiller, P. Braun, Semiclassical
Theory for Universality in Quantum Chaos with Symme-
try Crossover, J. Phys. A 42, 495101 (2009).

[15] Z. Pluhar and H. A. Weidenmiiller, Universal Quantum
Graphs, Phys. Rev. Lett. 112, 144102 (2014).

[16] Z. Pluhar and H. A. Weidenmiiller, Quantum graphs and
random-matriz theory, J. Phys. A 48, 275102 (2015).

[17] G. Montambaux, D. Poilblanc, J. Bellissard, C. Sire,
Quantum chaos in spin-fermion models, Phys. Rev. Lett.
70, 497 (1993).

[18] T. Prosen, Ergodic properties of a generic nonintegrable
quantum many-body system in the thermodynamic limit,
Phys. Rev. E 60, 3949 (1999).

[19] L. F. Santos, M. Rigol, Localization and the effects
of symmetries in the thermalization properties of one-
dimensional quantum systems, Phys. Rev. E 82, 031130
(2010).

[20] C. Kollath, G. Roux, G. Biroli, A. Laeuchli, Statisti-
cal properties of the spectrum the extended Bose-Hubbard
model, J. Stat. Mech. (2010) P08011.

[21] T. Engl, J. Dujardin, A. Argiielles, P. Schlagheck,
K. Richter and J.-D.Urbina, Coherent Backscattering in
Fock Space: A Signature of Quantum Many-Body Inter-
ference in Interacting Bosonic Systems, Phys. Rev. Lett.
112, 140403 (2014).


https://doi.org/10.1017/CBO9781139108782.003
https://doi.org/10.1017/CBO9781139108782.003
https://doi.org/10.1016/B0-12-512666-2/00332-1
https://doi.org/10.1016/B0-12-512666-2/00332-1
https://doi.org/10.1007/BF02798790 
https://doi.org/10.1007/BF02798790 
https://doi.org/10.1016/0003-4916(81)90189-5
https://doi.org/10.1016/0003-4916(81)90189-5
https://doi.org/10.1103/PhysRevLett.52.1
https://doi.org/10.1098/rspa.1985.0078
 https://doi.org/10.1238/Physica.Topical.090a00128
 https://doi.org/10.1238/Physica.Topical.090a00128
https://doi.org/10.1088/0305-4470/35/42/104
https://doi.org/10.1088/0305-4470/35/42/104
https://doi.org/10.1103/PhysRevLett.93.014103
https://doi.org/10.1103/PhysRevE.72.046207
https://doi.org/10.1088/1751-8113/42/49/495101
https://doi.org/10.1103/PhysRevLett.112.144102
https://doi.org/10.1088/1751-8113/48/27/275102
https://doi.org/10.1103/PhysRevLett.70.497
https://doi.org/10.1103/PhysRevLett.70.497
https://doi.org/10.1103/PhysRevE.60.3949
https://doi.org/10.1103/PhysRevE.82.031130
https://doi.org/10.1103/PhysRevE.82.031130
https://doi.org/10.1088/1742-5468/2010/08/P08011
https://doi.org/10.1103/PhysRevLett.112.140403
https://doi.org/10.1103/PhysRevLett.112.140403

[22] T. Engl, J.-D. Urbina and K. Richter, Periodic mean-
field solutions and the spectra of discrete bosonic fields:
Trace formula for Bose-Hubbard models, Phys. Rev. E
92, 062907 (2015).

[23] M. Akila, D. Waltner, B. Gutkin, P. Braun and T. Gubhr,
Semiclassical Identification of Periodic Orbits in a Quan-
tum Many-Body System, Phys. Rev. Lett. 118, 164101
(2017).

[24] R. Dubertrand and S. Miiller, Spectral statistics of
chaotic many-body systems, New J. Phys. 18, 033009
(2016).

[25] P. Kos, M. Ljubotina, and T. Prosen, Many-body quan-
tum chaos at b ~ 1: Analytic connection to random ma-
triz theory, arXiv:1712.02665.

[26] A. Chan, A. De Luca, J. T. Chalker, Solution
of a minimal model for many-body quantum chaos,
arXiv:1712.06836.

[27] A. Chan, A. De Luca, J. T. Chalker, Spectral statistics in
spatially extended chaotic quantum many-body systems,
arXiv:1803.03841.

[28] H. Gharibyan, M. Hanada, S. H. Shenker, M. Tezuka,
Onset of Random Matriz Behavior in Scrambling Sys-
tems, arXiv:1803.08050.

[29] T. Prosen, General relation between quantum ergodic-
ity and fidelity of quantum dynamics, Phys. Rev. E, 65,
036208 (2002).

[30] T. Prosen, Chaos and complezity of quantum motion, J.
Phys. A 40, 7881 (2007).

[31] M. Akila, D. Waltner, B. Gutkin, and T. Guhr, Particle-

time duality in the kicked Ising spin chain, J. Phys. A
49, 375101 (2016).

[32] Note that a related space-time flip has also been used for
efficient DMRG numerical simulations at long times in:
M. C. Banuls, M. B. Hastings, F. Verstraete, and J. L.
Cirac, Matriz Product States for Dynamical Simulation
of Infinite Chains, Phys. Rev. Lett. 102, 240603 (2009).

[33] R. Prange, The spectral form factor is not self-averaging,
Phys. Rev. Lett. 78, 2280 (1997).

[34] See the Supplemental Material.

[35] By U* and |n)" we designate complex conjugation in the
canonical real basis, say eigenbasis [s) of oZ. We then
have (m|" U* |n)* = ((m| U |n))*.

[36] J.-P. Serre, Linear Representations of Finite Groups,
(Springer, 1977).

[37] R. Nandkishore and D. A. Huse, Many-Body Localization
and Thermalization in Quantum Statistical Mechanics,
Annu. Rev. Condens. Matter Phys. 6, 15 (2015).

[38] P. Ponte, Z. Papi¢, F. Huveneers, D. A. Abanin, Many-
body localization in periodically driven systems, Phys.
Rev. Lett. 114, 140401 (2015).

[39] R. Moessner, S. L. Sondhi, Equilibration and order in
quantum Flogquet matter, Nature Physics 13, 424 (2017).

[40] C. W. von Keyserlingk, Tibor Rakovszky, Frank Poll-
mann, and S. L. Sondhi, Operator Hydrodynamics,
OTOCSs, and Entanglement Growth in Systems without
Conservation Laws, Phys. Rev. X 8, 021013 (2018).

[41] A. Nahum, S. Vijay, and J. Haah, Operator Spreading in
Random Unitary Circuits, Phys. Rev. X 8, 021014 (2018).


https://doi.org/10.1103/PhysRevE.92.062907
https://doi.org/10.1103/PhysRevE.92.062907
 https://doi.org/10.1103/PhysRevLett.118.164101
 https://doi.org/10.1103/PhysRevLett.118.164101
 https://doi.org/10.1088/1367-2630/18/3/033009
 https://doi.org/10.1088/1367-2630/18/3/033009
https://arxiv.org/abs/1712.02665
https://arxiv.org/abs/1712.06836
https://arxiv.org/abs/1803.03841
https://arxiv.org/abs/1803.08050
https://doi.org/10.1103/PhysRevE.65.036208
https://doi.org/10.1103/PhysRevE.65.036208
https://doi.org/10.1088/1751-8113/40/28/S02
https://doi.org/10.1088/1751-8113/40/28/S02
https://doi.org/10.1088/1751-8113/49/37/375101
https://doi.org/10.1088/1751-8113/49/37/375101
https://doi.org/10.1103/PhysRevLett.102.240603
https://doi.org/10.1103/PhysRevLett.78.2280
https://doi.org/10.1146/annurev-conmatphys-031214-014726
https://doi.org/10.1103/PhysRevLett.114.140401
https://doi.org/10.1103/PhysRevLett.114.140401
https://doi.org/10.1038/nphys4106
https://doi.org/10.1103/PhysRevX.8.021013
https://doi.org/10.1103/PhysRevX.8.021014

Appendices

Here we report the proofs of the properties and the theorem described in the main text together with some useful
complementary information. In particular

- Section I contains the proofs of Properties 1-4;
- Section II contains the proof of Theorem 1;
- Section IIT contains some results for even t;

- Section IV contains the diagonalization of the Floquet operator, Eq. (3) of the main text, in the integrable case
h =0;

- Section V contains some details on the numerical methods adopted to produce Tab. I, Fig. 2, and Fig. 3 of the
main text;

I. PROOFS OF PROPERTIES 14

Here we report the proofs of Properties 1-4 from the main text. For convenience of the reader, we also precisely
state each property before proving it.
Property 1. The following facts hold

(i) the eigenvalues of T (cf. Eq. (13) of the main text) have at most unit magnitude;

(i) even if T is generically not guaranteed to be diagonalisable, the algebraic and geometric multiplicites of any
etgenvalue of magnitude 1 coincide;

Proof. Let |w) be an eigenvector associated with an eigenvalue with largest magnitude, then we have
(|03 |w) = (w|T Tlw) = A (1)
Expanding in the eigenbasis of O, we have

(w|07w) = ZI (wln) [7 0, < D [{wln) > =1, (2)

n

where we used that |w) is normalised and the eigenvalues o, , of O, are in the interval [0,1]. This proves the point
(i). For the point (ii) we first note that the matrix T is not normal

TIT=0;, TT' = (Ui ® U032 (Ui ® Ugey)" (3)

There is then no general theorem ensuring that T is diagonalizable. To prove that, nonetheless, the algebraic and
geometric multiplicites of any eigenvalue of magnitude 1 coincide we use reductio ad absurdum: let us assume that
there is an eigenvalue A with unit magnitude corresponding to a non-trivial Jordan block and see that this leads to a
contradiction. Let |w) be the eigenvector associated to A, since the Jordan block is non-trivial we have a vector |v)
such that

Tlv) = Alo) +afw),  a#0, (4)
and
(vlw) = 0. (5)
This implies (noting that A*A = 1)
(0102 o) = (o[TVT|w) = (o]o) + |al? (wlw) + Xa” (wlo) + Na (vlw) =1+ Jaf> > 1. (6)

This result is in contradiction with (2) concluding the proof of point (ii). O



Property 2. The relations (16) of the main text imply

[A7 MO(] = 07 « e {x’ y? Z} ) (7)
UAUT = ¢? A, ¢ €[0,2n], (8)
where we defined
P
= exp zZ Z 05051 — . (9)
Jj=1

Proof. Let us consider the operator UKIMZUIT(I. Using Equations (16) of the main text it is immediate to see that
this operator commutes with A

AUKIMZUIT(I = B_M)ﬁKIAMZﬁITﬂ = €_i¢UK1MzAUIJr<I = ﬁKIMZﬁ}TﬂA . (10)

Using the explicit form of Uk (setting |J| = |b] = 7/4) we have
) . ¢
UiM. Uy = eF 3Me M_eF1TMe = N " eFi507 5% Fi597 = 20, (11)

So M, commutes with A. Since both M, and M, commute with A we have that
M'zc = ei%MzMyeii%Mz ) (12)

also commutes with A: this proves (7). The relation (8) follows from (7) and the first one of Egs. (16) of the main
text. O

Property 3. The case ¢ = 7 does not give solutions to (7)—~(8) for odd t.

Proof. To prove this property we consider the self-dual integrable (transverse field) kicked Ising Floquet operator
Utrkr = e_i%Z;ﬂ G;U;+1€+i%MI . (13)

The operator Urpk1 ¢-commutes with A as a consequence of Property 2 and can be explicitly diagonalized: its
diagonalization is reviewed in Section I'V. Writing the ¢-commutation in an eigenbasis of Urpk we have

(n,r|Alm, ') (elerr=ems) — ei®) =0, (14)

where we denoted by |n, 1) the eigenstates of Urpkr. The index r € {R, NS} distinguishes the two spin-flip symmetry
sectors (c¢f. Section IV). Since A is not the zero matrix, Eq. (14) implies that there exist some n and m such that

eilenr—emu) _ it _ . (15)

Using the explicit expression for the quasi-energy differences in the integrable kicked Ising model at the self dual
points, derived in Section IV A, we have

2

T
€nyr — Emy! = 7Nn,m + 47(7” — ) =9, Nom €Z, nrR = —NNs = —1, (16)

implying

4to

8Nn,m + (nr - nr’) = Nn,m € Z, TR = —71INS = —1. (17)

For ¢ = 7 the equation is solved for ¢ even by r =1’ and N, ,,, = ¢/2. There is, however, no solution for ¢ = 7 and ¢
odd. O



Before considering the proof of Property 4, it is useful to introduce orthogonal projectors {Yy}r=o,. ¢t—1 on the
fixed momentum eigenspaces {Vi }x=0,...1—1, Z_:B Vi = H:. Such operators are defined as follows

t—1

1 27ri-k :
ykzgzoetanﬂ, kefo,...t—1}, (18)
iz

and satisfy the orthogonality and the projection property

YiY, = 0p—pYs . (19)
Moreover, they fulfil
RYiR =Y, . (20)
We also introduce an additional set of operators
Y, = RY,, ke{0,...,t—1}. (21)

The operators {Yj, Y} }r=o,...t—1 form a closed multiplicative algebra, defined by
VY, =0 Y, VY, =0,V VY =0unYl YV =0,Y,. (22)

The linear mapping between {Y,,Y/}r=o,. +—1 and the elements of the dihedral group G, is explicitly inverted as

follows

.....

t—1 t—1
> Ve -, D> Yie T = RV (23)
k=0 k=0

Since the mapping is invertible, we can restate the Property 4 as follows

Property 4. The number of linearly independent operators in the set {Y,,Y/ =0, +—1 is 2t fort > 6, 2t — 1 for

t€{1,3,4,5}, and 2 fort = 2.

,,,,,

Proof. To prove this statement it is useful to distinguish the cases of ¢ even and t odd. For odd ¢, all {Y}, Y/ }xx0 are
linearly independent. This is seen by writing these operators in the basis of momentum eigenstates and noting that
each operator is non-zero only within a block of states with a given total momentum. Distinct operators are non zero
on distinct, non-overlapping, blocks: this proves their linear independence. Noting that all {Y,, Y} }x2 are zero when
reduced to the zero-momentum block, we have that the only two operators which can be linearly dependent are Y
and Yy. In Lemma 2 of Section II we prove that for ¢ <5 they are linearly dependent, namely

Yy +Yy =0, (24)

while they are independent for ¢ > 6. In the case of even ¢ there is an additional special pair of operators, Y;/, and
Ytl/zv acting on the same momentum block (where all other Y}, and Y/ are zero). In Lemma 3 of Section III we prove
that {Yt/27 Yt//z} are linearly independent for all even ¢t > 4, while for ¢t = 2, Yt/2 + Yt’/2 = 0. Putting all together we
found that the set {Y,,Y/}r=o,. ¢—1 is composed of 2¢t — 1 linearly independent operators for t € {1, 3, 4,5} and by 2t
linearly independent operators for ¢ > 6. In the special case t = 2 we have just two linearly independent operators:
Yo,Y;/2 = Y7. This concludes the proof. O

II. PROOF OF THEOREM 1

Here we present the proof of Theorem 1. We start by restating it in terms of the operators {Y,,Y/}r=o,  ¢—1,
introduced in the previous section

Theorem 1. For odd t, any A simultaneously commuting with all the elements of {U, My, My, M.}, is necessarily of
the form

t—1 t—1
A= ZCkYk_FdeYk/’ cg,dp € C. (25)
k=0 k=0
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To prove it, we reformulate it in the following equivalent way

Theorem 2. Considering the representation of the algebra K generated by {U, My, My, M,} in a subspace Vi, C H,
of fired momentum k, the following facts hold for odd t

(i) If k # 0 the representation is irreducible.

(i) If k = O the representation is irreducible for t <5 and is composed of two inequivalent irreducible representations
fort >5.

(i11) The representations in the two fited momentum subspaces Vi, and V, are equivalent forp=Fk orp=1t—k and
inequivalent otherwise.

Let us first show that Theorem 2 is equivalent to Theorem 1.

Proof. Theorem 2 implies Theorem 1 as a consequence of Schur’s Lemma. This is easily seen as follows. Let A be a
matrix commuting with the algebra KC generated by {U, M,, M,, M.}. Then we have

EpAgp = AgpEp, VE € K, (26)
where
App = Yy AY,, By = Y4E = EY,,. (27)
The facts (i), (ii), and (iii), combined with Schur’s Lemma imply

App =Okp ek Y +0p 1 rdp Yy, k=1,....t, g, dy € C, (28)
Ao = o Yo,a+do Yo, cp,dp € C. (29)

Here we used that Y}, acts as the identity operator in the subspace Vi, while Y} acts as the isomorphism between the
subspaces Vj, and V;_;. Moreover, we denoted by Yy, and Y, the projectors on the subspaces Vg 4, Vo C Vo such
that

Vo = Vo,a ® Vo - (30)

The spaces Vp, and V;, carry two inequivalent irreducible representations of K (for ¢t < 5 one of the two is trivial).
Writing Y 4, Y05 in terms of Yj and Y| we have

Ao =y Yo+ dyYop =coYo+do Yy, (31)

for appropriate cg,dy € C. Combining all together, we have

t—1 t—1 t—1
A= Z Ak,p = Z cLYy + Z dekI . (32)
k k=0 k=0

,p=0

This proves Theorem 1.

The reverse direction is proven by reductio ad absurdum. If the representation of K in a fixed momentum sector
were not satisfying (i), (ii) or (iii), we could find operators commuting with the algebra K which are not of the form
(25). O

Let us now prove Theorem 2. Our strategy is to construct a basis of the momentum eigenspace V;,. We show that
(1) For k # 0 all basis vectors are mapped into one another by elements of the algebra K.

(2) For k = 0 all reflection symmetric vectors are mapped into one another by elements of the algebra K. The
same holds for reflection antisymmetric vectors. Moreover, we show that for ¢ < 5 the reflection anti-symmetric
subspace is the zero space.

(3) There is no invertible matrix C such that
(U)p =CWU)KC™H, (M;)p = C(M;)xC, for k¢ {pt—p}, (33)

where by (M), we denote the matrix M restricted to V.
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It is immediate to see that (1) = (i), (2) = (ii), and (3) = (iii).
We construct the basis of the sector with fixed momentum k as follows. Let us define the states

t—1
k) 1 2migi i _ _
|.O"'0.0"'O."'.O"'O.>( :72 et JH]UIUE o o0 |’I\.T> (34)
e ~—— 1+17 281 +02+1 m
6—1 41 £y —1 \/EJ—O t

where we introduced the “length of the state” m such that
a
m=1+> ;<t. (35)
j=1

These states are represented by a string of m symbols starting and ending with e, while the m — 2 symbols in the
“bulk” can be either “bullets” o or “holes” o. This means that for every length m > 2 there are 2™ 2 states, whereas
two special cases are

m=1 —  |&® (36)
m=2 — |oo>(k) . (37)

We then generically represent a state (34) as
[0, 2e)" (38)

where o7, _, is a generic string of o and e of length m — 2 and used the superscript s to indicate that the string o,,—2
has exactly s holes. Note that the states (38) have momentum k

Hleos, o)™ =" leos, _,o) . (39)
Moreover they are eigenstates of M, and U
M. |oas,_o0)") = (t —2m +25) [0 o, _,0)") Uloas,_o0)" = (~1)" oo, )", (40)

where v is the number of “disconnected islands” of bullets in the string e o5, _,e. In the representation (34) the latter is
given by one plus the number of ¢4, 45, ..., ¢, larger than 1 for m < t and by the number of of ¢1, /45, ..., ¢, larger than
1 for m = t. Note that, for k # 0, the state |0>(k) is the largest highest weight state among those of the irreducible
representations of SU(2) living in V. This state is the one with maximal eigenvalue of M, and is therefore unique.

For k # 0 the states (38) form a complete set in Vi while for & = 0 the set is complete if we add the ferromagnetic
states, specifically the “vacuum state” and the “all bullets” state

=11 e =l ), (41)

which are translationally invariant and thus appear only in V4. The states (38) are, however, not all linearly indepen-
dent. While for m < (¢ + 1)/2 the states are orthonormal, some of the states with m > (¢ + 1)/2 can be represented
by a string with shorter length or they have multiple representations with the same length. We then construct a basis
By, of V}, as follows

Bo={19)® Jo0) "} U {lo o 20)® Vo5, me (3, (- 1)/2))
U {|oo‘m_20>(k) NOm_g, me{(t+1)/2,. .. t— 1}}/ (42)

where we denote by {---}’ the maximal set of linearly independent vectors. Note in particular that for each m the
so-called “m-block state”

|oo---o>(k) (43)
——
m
is always included in the basis because it is impossible to represent it with lower m. Finally, the sector & = 0 is special
because it is invariant under the reflection symmetry R. It is then convenient to consider a basis of simultaneous
eigenvectors of M, U, IT and R. This is easily done by taking

B()=S+80U5780U{|®>7|.---.>} , (44)
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where By is the basis (42) for £ = 0, and

S:=-(1+R), (45)

l\:JM—l

projectors to even/odd reflection subspaces. Before starting with the proof it is useful to introduce the following
operators which generate the algebra K

1 .
M* = - (M, +iM,) , P,

5 (1+0). (46)

l\JM—A

Three of these operators have a very simple action on the states (38). Specifically,

.>(k)

Pileas,_, (1= (=1)") ooz, o) "), (47)

[\D\)—‘

where v is, again, the number of disconnected islands of bullets in e o, 5, and

Mt oo _, (k) Z ey, o h0>( )+ states of length smaller than m, (48)
h

where the sum is over the positions of the bullets in o, 5 and O pu—o, 18 the string obtained by o7, _, by removing

the bullet in position h. However, the action of M~ on the basis state is simple only if it is combined with the action
of an appropriate projector P,, where o = (—1)”

P,M~ |e 0';3%2o>(k) =e” s 720>(k) + oo, (k) + Z ey, 24 (k) (49)

The sum is now over all the positions of the holes in o, _,, and o, _op 18 the string obtained from o}, 5 by putting
a bullet in a vacant position b, such that the total number of 1slands of holes in the string o, 5, is the same as in
o, (i.e., we can only add a bullet to any of contiguous clusters of bullets, without Changlng the number of islands

of bullets). A few additional useful operators are given by the following Lemma

Lemma 1. The following operators belong to the algebra K

t t
M++EZUjJi+1, M77520;0;+1, (50)
=1 =1
—_— —_—
MEETR _ZJT NPT ATIY I M7 T Ezaia;+l"'o—;+kai+kflﬂ (51)
=1 =
—_——— —_——
M+...+EHO_:,’ M—...—EHJ;’ (52)
=1 =1

where k <t is odd and we defined o= = (o2 +icY).

Proof. To prove the statement we explicitly construct these operators using generators of K.
Let us consider

t t t
UM,U = Z UolU = Zcrfei%(”i—l"iJr”i”iH) =— Z 0F 10505, - (53)
T=1 T=1
Rotating by 7/4 around z axis we then find

t
MeUM,Ue™ 3Me = =Y "6¥ 0%0¥ . (54)

T=1



Tterating the same operations (k — 1)/2 times, for k < ¢ odd, we find

iT M, iZ M, —i T M, —iF My _ Y 5T z Y
egaeJ. et My Ue "1 ... Ue ' ——E 007 1 Ory 90, p -
(k—1)/2 (k—1)/2 =1

In particular, for k£ = ¢ we have

Moy T Meg N Ue™ P T Mo L e i Me = E OUoE ot Y .
(t—1)/2 (t—1)/2 7=1
Multiplying by e’z M= we find
t
e EMe T Moy BT M) N Ue 1T Mo L et T Me — _(172) g lopto s
(t—1)/2 (t—1)/2

The operators (50) are then obtained as follows. First we construct

t
§ T _x _ § : —iZ MY E i M § 1T M
070741 = 8 M UTUT+16 ! ’ UT 7-+1 M UTUT—i-le ’
T=1
t

Z(U UT-‘rl +U 0T+1 lz UTJTJrl? ‘| .

=1

Then we take the following linear combinations

E § E Yy T _ ++
UTOT+1 UTOT+1 +4 T 7-+1 + UTOT+1) =M .

13

(60)

The operators (51) are constructed starting from Ztr=1 odot 020l (cf (55)) as follows. First we construct

z _x ™~ M* T Yy —iEM*
E 070741 T+k07+k 1= e B E JT ‘r+1 T+I€O.T+k?71€ * :

Then we take subsequent commutators with M?

1
C.1=0, Co Ezaigf+1"’gi+kgi+k—1a Chn = n

The last step is to take the following linear combinations

k
k—2

——

Jj=0

Finally, the operators (52) are obtained by starting from

t

r _ i Z(M*-1
[[ ot =i,
=1

taking subsequent commutators with M~

t .
1
D1=0, Do=[[of, Du=- <(;> (D1, M?] + (k+2—n)Dn_2> :

This concludes the proof.

(61)

(62)
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1. Proof of (1)

We are now in a position to prove (1): we consider k # 0 and show that we can map the states of the basis By, into

one another using elements of the algebra. Namely, for each pair \oam,20>(k) and |00'§n,720>(k) of states in Bj we
construct an operator A, o € K such that
*) <.Tm72 d |Aa',o"| b T;n’f2.>(k) = 57’,0'57",0" ; v |.Tm72.>(k) ) ‘.Tr/n’72.>(k) € Bk . (67)

To construct such operator, it is useful to introduce the operator B, mapping the largest highest weight state |0>(k)

>(k)

to the basis vector |eo,,_oe)""’. Namely

B [8)") = |eg, 50)) . (68)
In terms of By, an operator A, o fulfilling (67) can be written as
Ag.or = By o)W ®e| BT | (69)

where ()Jr represents Hermitian conjugation. Our goal is to show that such Ay o is in K. It is immediate to see that
the projector |0>(k)(k)<0| is in the algebra K. Indeed, it can be written as

t t

(k) (k) 1 ME -T2y z
|.> <.| 4COS2 (2:]6) ( )

t

—_——~
where M? £+ +-£ 2 are constructed in Lemma 1 and the operator on the right hand side should be interpreted as an

element of the representation of the algebra K in the fixed momentum subspace V. Moreover, if the operator B, is
in the algebra so is its Hermitian conjugate. This is seen by noting
ut=u, M = M,, M} =M,, M= M,, (71)

x z

implying that the Hermitian conjugate of any sum of products of {U, Ms}a=sy,» is again a sum of products of
{Ua Ma}a:z,y,z~

The problem is then reduced to proving that the operator B, is in the algebra, or, in other words, that starting
from |o>(k) we can access any state in By using elements of K.

In order to proceed and avoid the problem of linear dependence in our coding of states for m > (¢t 4+ 1)/2, we make
use of the following trick. Consider spin chain of double size 2t and define analogous basis states

s 0 = ea, 20, or (72)
1 2t—1
) k 2mi = _ _
|.\O'”O,.\O"'O,.'”.\O'”O,.>( ):ﬁze ¢ k]Hjal 00,4190, 445+1 " " Tm |TT> (73)
-1 ly—1 lo—1 Jj=0 2t

spanning VQ(tQk) as defined by Eq. (34) for chain length 2¢ and momentum 2k. Here, II is a cyclic shift on (C?)®2¢.

Now, let us define the map Q@ : Vg(tzk) — Vt(k) completely specified by its action on the basis states
k
\oam,20>£ ) , m < t;
2mi(n+1+h)k ” . 1\ (k) )
Q |.O'm_2.>(k) = € ¢ |Ul .u.an> ) h’ > t; (74)
2t—m
0, otherwise.
Here we wrote
Om—_2=e0,0---00]e, (75)
h

where h is the largest number of contiguous holes in 6,2 and n + h + 1 = m — 2. Writing the algebra generators
Y 1

represented on the Hilbert space of spin chains of length 2t as M, and P, = (1 £ U), it is easy to check that

QMa :MaQ7 QP:I: :P:I:Q (76)
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We shall write the corresponding linear operator algebra generated by Py, My as K. For example, M** now defined
as QM*t = M**(Q, then read consistently

2t
M* =3 "ofof,, with 2t+1=1. (77)
T=1
>(k) can be connected to any |m)(k)7 for m < ¢, by the action of some element
from K. It then follows trivially that |0>(k) connects to |80, _2 0)(k) by the corresponding element of K (just replacing
generators M*, P by M*, P, in the generator representation of an element of K or K).
We start by noting

Below we shall show that [e

P_M+|oo~--o>(k):(1—1—62:%) oo~-~o>(k) P_M_|oo-~-o>(k):(l+e_¥k) 00-~-o>(k) . (78)
m m—1 m m—+1

where the right hand sides are never zero for ¢ odd. Moreover

Pt [see)® = jeoe) . (79)

From these relations it follows that we can map |i>(k)

into any state of length m < 3 and to any block state (43).
We now proceed using an inductive argument. Assuming that we can access every state |e 0';91720>(k) of length

n < m and every state |e 0;720>(k)
length m > 4 and s < m — 2 holes

of length m and r < s holes we shall prove that we can access every state of

ooz, 0™ . (80)

We first show that the unique state with s = m — 2 holes is directly obtained from the block state of length m as
follows. First we note that

(P_MHY" 3P, M* [se-- o)(k) =|e0-0 o>(k) + A |?>(k) . (81)
m m—2

Here A |?>(k) represents a combination of states of length strictly smaller than m, which by inductive assumption can

(k)

be obtained from \?)UC) by applying an appropriate element of the algebra, A € K. Since [e@---)"" is connected to

|i>(k) by elements of the algebra we have
A |i>(k) =B |ﬁ>(k) for some Bek. (82)
——
Then, defining
(B_RIT)™ 3P, NI*) = (P_NI*Y" 3P, NI* - B (P_BI+y™=3P, M%) €K, (83)
we have
D Nf+t\m—3p nr+ s —o (®) _ (k)
(P-MT)" 3P, M )red|oo---o> =|eo---0e)" . (84)
m m—2
Consequently, in the following we can restrict to s < m — 2.
Considering any state |e am_30>(k) of length m — 1 we have
) "
P,M~ Fomae)® = e ae) ) + [Fenae o™ + Y o9 . (85)
P

where o is chosen equal to + or — in order to maintain the number of “disconnected islands” of bullets when adding

the new one and the last term on the r.h.s. is a sum of states obtained from |e a‘m,30>(k) by adding a bullet in
position 1 < p < m—1. The allowed values of p are the positions of the holes o, _3 restricted by P,. By the inductive
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>(k)

assumption, the states [€a,,—_3 p can be accessed from |e |*> *) with an appropriate element of the algebra K. Since

[o o-m,3o>( ) is connected to O > by elements of the algebra we can represent the last term on the r.h.s. as follows

Z O am,31p0>(k) =Ce o-m,30>(k) , (86)

for an appropriate C' € K. Defining then
(P,M ™ )yeq = P,M™ —C, (PyM ™ )ea €K, (87)

we have

>(k)

(Py M )yeq [80m=59) ¥ = e~ 5 +leoasee® . (88)

Note that this relation alone is not sufficient to fix all the states of length m given those of length m — 1. It gives
2™=3 independent conditions while the total number of states is 22,
Restricting (88) to states with s holes we have

k
>()

(P, M ™ )req |® 0';3%30>(k) =e +loos e o>(k) . (89)

—3°

An additional condition is found by using more of our inductive data: the states of length m and s — 1 holes.
Applying M T we find

_ (k) (k) .
(M )realoe o5 i0)  =looan ey +> [sean 5,0, (90)

where (M™),0q € K is defined as M+ — B for an appropriate B € K, this allows us to remove lower length states from
the r.h.s.. The string o} is obtained by removing one of the bullets from afn__13 and the sum over p in the r.h.s.

of (93) is restricted to the positions of the bullets in 0'3;13. Analogously we find

m—3,p

_ (k) T
(a0, yoa) = oo Low) + 3 ooy, o0 (91)
Combining these equations we find
ik , — — k) _ — (k) 2mi (k) (k)
T (W) ealeoy, Yo e) (M )ealeay Tyee)  =e T oo oy he)  f ey Y00
!
2mik (k) (k)
JrZ{ °0;, 3,00 fleea ;e } (92)
P
The sum on the r.h.s. can be cancelled by summing (89) for a number of appropriate o3, 5, so we have
nik — (k) _ — (k) L -
I e ooy, 00) 4 (M )ealow o o) = D (PoM rea oo, 5 0"
P
(k) (k)
= 6_ m 13 > + I.Um 30 .> . (93)

At this point it is useful to separate two cases: (a) s = m—3 and (b) s < m—3. In the case (b) we can find additional
conditions by considering

[(Bo (M ))sed — (P M) ?)rea] [0y ™ = & (94)

S
m74..

where we again defined (P, (M~ 7))wq (c¢f Lemma 1) by appropriately subtracting operators in K generating terms
with smaller m and s. Using this condition we also get

Diee o}, 14 .o>(k) = (M Jred |®® O 14 ° o>(k) + %e% Z [(PU(M__))red — (PUM_) )red] |00’7

m 4p.
P

k
>()
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(k) (k)
= ‘.. a-frl__14o.> + |oo o'fn__14oo> (95)

and

_ (k) (k) N — (&)
() (|-- oo tlec o ee) ) ~Y Dleeoil, e
p

(k)

)

= |o o o'fn__24 o o>

(96)
for some D € K. To conclude the inductive step we show that in the case (b) the conditions (89), (93), (94), (95) and
(96) give a complete set of vectors in the sub-space spanned by (80), while in the case (a) a complete set of vectors is
given by (89), (93) and say (90). Let us start considering the case (a) and prove that the only vector in the subspace
orthogonal to all vector expressions of Egs. (89), (90), and (93) is the zero vector, meaning that these equations give
a complete set. We write a generic vector in the subspace as

=Y aslsae)® . (97)

oeS?

m—2

where we denoted by S, the set of all strings of e and o with length m and s holes. Requiring (97) to be orthogonal
to (89), (90), and (93) we find the following conditions

Uge™ T 4 ao =0, VoS3, (98)

oo™ T+ aog =0, VoeSny, (99)

Qoo + Geo---0 =0, VoecSms. (100)
——

m—3

m—4
Considering & = o e...0 in (100) (note that since m > 4 we can always consider such a string) and using (99) we
find

2mik

(1—€e77% )aeo.o =0 (101)

which for odd ¢ gives
Qeo...o = 0 VYm>4. (102)

Then, using (98) and (99) we have that for some n € N

_ 27wikn

g =€t Ugoo=0 VYoec8S"3. (103)

Let us now consider the case (b), s < m — 3. In this case the orthogonality conditions read as

2wik

Gge€ ¢ + e =0, YoeS§,, 5, (104)
oo™ T 4 oo =0, VoeSih, (105)
Gege =0, YoeS,,_,, (106)
Goce + ego =0, VoeSi, (107)
Gooo =0, Vo852, (108)

Using (104), (105), (106), and (108) we see that if the string o contains two subsequent e or two subsequent o we
immediately have

o = 0. (109)

So the only non zero coefficient is found for even m and s = m/2; the associated strings have the form ceo--- ece or
eoe ... 0eo. Using (107) we then have

Ueceo---ece0 — —(eece---0e00 — 0 Uocece---0ece — —(eece---0e00 — 0. (110)

This proves the completeness of the conditions and concludes the inductive step.
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2. Proof of (2)

Let us now move to consider the zero momentum sector £ = 0. First we note that the representation of the algebra
K in this sector is not generically irreducible. Indeed, since R commutes with all elements of X we have

© (00, 0|5 AS | e o 20)” =
= (eg!, ,0|S S Ale om0 =0 AeK, mm >3No,, o, 0m_2. (111)

In other words, elements of U cannot connect the two reflection symmetry sectors. Note that in the proof of the
previous section this is reflected by the fact that for £ = 0 and m = 4, Eq. (101) becomes trivial and does not fix
anymore the coefficient aeo.

This fact means that the representation of I can be irreducible only if one of the two reflection symmetry sectors
becomes the zero space. The latter situation arises for small enough chain lengths as described by the following lemma

Lemma 2. For1 <t <5 the are no vectors odd under reflection symmetry. In other words the projector S_ (cf. (45)),
restricted to Vy, is the zero matrix. Instead, for t > 5 both S_ and Sy are non-trivial.

(0)

Proof. We note that the non-reflection symmetric vectors |® o,,,_o)""’ with lowest m are given by

m=4 {|oooo>(0), |oooo>(o)}7
m=5 {|ooooo>(0) , |ooooo>(0)} . (112)
These vectors are mapped into one another by R

R|oooo>(0):|oooo>(0) , R|ooooo>(0) :|ooooo>(0) . (113)
To define such states we need at least ¢ > 4, so for 1 < ¢t < 3 our claim is obvious. The fact that no reflection
anti-symmetric state is present also for ¢ = 5 follows from the observation that for ¢ < 6 the states (112) with the
same length are equivalent (they correspond to the same vector in By) and are then reflection symmetric. O

Our strategy in the following is to show that
(i) Any pair of vectors even under reflection symmetry are mapped into one another by operators in k.
(ii) Any pair of vectors odd under reflection symmetry are mapped into one another by operators in K.

This proves that the momentum k = 0 representation of I is irreducible for ¢ < 5, while it is split in two irreducible
components for ¢ > 5. Note that these representations are inequivalent, moreover they are both inequivalent to all
the representations in the non-zero momentum eigenspaces. This is seen by noting that the parity symmetric sector
contains a representation of SU(2), generated by M*, M, with spin ¢/2 while the highest weight representation of
SU(2) in the antisymmetric sector has spin ¢/2 — 3.

Let us start with (i) and proceed as in the previous subsection. The operator A
>(0) (0)

+

o,0’?

mapping the states

St |eo,—20)" and Sy |ea’, ,e)" into one another, can be written as

A+

o,o0’

=B 10) (0 (BS)". (114)

Here |()) is the ferromagnetic state with all spins down, (-)' is the Hermitian conjugation, and B} is the operator

>(0)

mapping |} to the state S, |e o, _oe)"’. Namely

B} |0) = S loc—a0)® . (115)

As before we have to prove that A:yg, € K. Tt is easy to prove that the projector |@) (] is in the algebra, as it can be
written as

t t
0) (0] = Mty 7 (116)

where the operator on the right hand side should be interpreted as an element of the representation of the algebra K
in the 0-momentum positive-parity subspace S; V. To prove that A;a, € K we then need to prove that the operator
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B (and so also (B})1) is in the algebra. In other words, we have to prove that we can map |f) to any state in the
symmetric sector by using elements of the algebra. Again, to prove this statement we consider the basis (73) of the
double sized (2t) chain, including also the ferromagnetic states ) and [¢---) in the basis.

First we note that Eqs. (78) and (79) imply that we can map |@) into any state of the form S, |m>(0) with
length m < 3 and into any block state (43) (which are even under reflection).

Let us now prove that acting with operators in K on the state |(j) we can access every state of the form

Sifeor o s=0,...m-2, m=3...t, (117)
assuming that we can access every state S, [e 0';91730>(0) of length n < m and every state S |e 0'7”;%20>(0) with r < s.
Using the relations (89), (90), and (93) we have
Afl) =5y oo oy, o0 + 5 ooy, e (118)
= & a0 o =
B|0) =5 |e0 0, s8) +Sileod, soe) | (119)
_ [ ' _
Cll)y=Siloo o, o) +> Sifeean 0, A,B,CeK. (120)

P

As we did before we distinguish two cases: (a) s = m — 3 and (b) s < m — 3. Let us prove that in the case (a)
Egs. (118), (119) and (129) form a complete set of vectors in the sub-space spanned by (117). To do that we show
that a generic linear combination of the vectors (117) is orthogonal to all (118), (119), and (129) only if is the zero
vector. The most general linear combination of states (117) can be written as

!

D) sym = Z ag [® o'o>(0) , (121)
oeSs _,
where a, is subject to the constraint
(o = UghR , (122)

and -f* denotes the reflection operation (reversal) of the string of bullets and holes. The orthogonality conditions read

Uoe + e =0, YoeSI3, (123)

Upo +U0e =0, VoeSm 3. (124)

Goo + Geo---0=0, YoecS ;. (125)
-3

We see that now the case m =4 is fixed by either (123) or (125), indeed using (122) we have

Goe + Geo = 200e = 20e0 = 0. (126)

m—>5

For m > 4 we choose & = 00 e5...0 in (125), and using (124) two times we find
Geo..0 = 0. (127)
Then, using (123) and (124) we have
Go = Oeo.o =0 VoecSn3. (128)
The case (b) is treated by considering the additional conditions originating from (94), (95) and (96), namely

D)) =Sy [seay, o0, (129)

_ . — (0 _ —F (0
Ell)=S;foe oy lon) + 5. jeooptien) (130)

_ _ _ (0 _
Fl0)=S:feo oy 20w, DB Fek. (131)
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The orthogonality conditions read as

Uge + Qoo = 0, Vo e 8;73 5 (132)
Ogo + Qo =0, Vo e an__13 , (133)
Gege =0, Vo e 8;74, (134)
Uoge + Gego =0, VoS, (135)
Gogo =0, VoeSi?. (136)
and are solved as in the above section giving
ag =0 Vo es;, _ o, Vs<m-—2. (137)
Let us now consider the point (ii). In this case, the operator A, 5, mapping the states S_ e O'm_20>(0) and
S_ e o-in_20>(0) into one another, can be written as
Ay o =B;8 leces) W ecee s (B;)f. (138)

Here S_|ece o>(0) is the parity-odd state with minimal length and B is the operator mapping S_ [e o e o>(0) to the

>(0)

state S_|ea,,_oe) . Namely

B:S_lecee) ) =S |eg,, 50)) . (139)

Once again, we need to prove that A_ _, € K. The projector S_ [ec e 0>(0)(0) (e 0 ee|S_ can be written as

t—4 t—4

— —
S |. o .’>(0)(0) <OOQ.‘ S = ei%(Mmft)MZ—. . .—Zei%(Mmft)P_MZ—. . .—Z, (140)

and it is then an element of the algebra as a consequence of Lemma 1. The operator on the right hand side should be
interpreted as an element of the representation of the algebra K in the 0-momentum negative-parity subspace S_Vj.
So, as before, to show that A_ ,, € K we need to show that B, (and so also (B;)") is in the algebra, i.e., that acting

>(0)

with operators of L on S_|ecee we can access every state in the odd parity sector. Such states have the form

S_leos, 400 s=1...m-3, m=3...t, (141)

where we considered values of s giving non-vanishing states.
We proceed once again by induction and consider the corresponding basis states (73) of the double sized (2t) chain

and finally use the projector @ (74) to obtain all the required mappings. Let us start by constructing the basis for

(0)

our inductive construction. Applying Py M~ on [ecee) " we have

P, M5 [ecee)? =5 |[sceee)? (142)
which is the only antisymmetric state of length 5 with one hole. We also have
(P M~ PyM*Y) —1)5_[scee)? =5 [sooee)? (143)

which is the only antisymmetric state of length 5 and two holes. So we explicitly constructed any antisymmetric state
(141) of length m < 5.

Let us now show that if we can access every state S_ [e 03730>(0) of length n < m and every state S_ |e 0':71720>(0)
with 7 < s then we can access all the states (141) for m > 6. To do this we need to distinguish three cases: (a) s = 1;

(b) 1 < s <m—3; (c) s=m — 3. Let us start form the case (c): if we can get all the states S_ |e Urln—2.>(0) then we
consider
(P, MT)™™4S_|[sce. .. o>(0) —S_[ece o>(0) =S [eo..ce o>(0) , (144)

m—2 m—3
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giving a vector with length m and m — 3 holes. The other conditions are found by projecting (93) on the parity odd
space

(0)

AS_[scee) ) =5 jec o de) +5_|ec , Aek. (145)

Let us show that these conditions give a complete set of vectors in the parity odd subspace. Once again we will prove
that by showing that only the zero vector is orthogonal to all of the vectors expressing the conditions. Considering a
generic vector of length m and s holes in the parity odd subspace with we have

"

|g>antisym = Z Qo |m>(0) ’ (146)
geS;?

m—2

where the coefficients are subject to the constraint

g = —GgR . (147)

The orthogonality conditions read as
Goo + Gog =0, Vo e S;Z:;, (148)
o...0e=0. (149)

——

m—3
Since using (148) we can always bring a, in the form (149) we have
as =0, Vo ecSm3. (150)

Let us now consider the case (a). Here we cannot use conditions from the states with s — 1 holes since there are none.
We then use

AS_ o) = 5_jes ol 0" 4+ 5 fecl o0, (151)
BS_[s5e9)? =5 [ee oy, o0, ABekK. (152)
The orthogonality condition then reads as
Uge + Geg =0, VoeS 5, (153)
Goge =0, VoeS! .. (154)

with the constraint (147). These conditions immediately fix
ae =0, VoesS) . (155)

Finally, let us consider the case (b). It is convenient to subdivide it in two additional cases: (bl) 1 < s < m —4; (b2)
s =m — 4. The case (bl) is treated exactly as in the previous sections. Let us consider the case (b2). In this case we
have the following orthogonality conditions

Uge + oo =0, VoecSm 3, (156)

oo + Gog =0, VoeSnh. (157)

oo + Y lacr, =0, VoeSns. (158)
p

together with the constraint (147). We remind the reader that the sum in (158) is over the positions of the two bullets
in o and o, is the string obtained from o by replacing the bullet at position p with a hole.
A generic coefficient a, with o in S:nnjg can be written as

g =00...0e0...000-::0 (159)
S~ Y Y

£y L2 £3
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Using the relations (156), (157) and the constraint (147) we see that it can be non zero only if ¢; 4+ ¢3 and /5 are both
odd. In this case, however, we consider (158) with ¢ =o0...0e0...0e0---0. This gives
e

l1—1 12 l3
0=1ao0...0e0...000---0F+@e0...000---0F (e0...000...0=00...000...000---0- (160)
N e Ve N SN~ Y~ S~ Y
o 29 3 Oy 40o—1 3 -1 Lo+03 £ 29 3

where we used that if ¢; + ¢35 and {5 are odd, both the sets {¢; — 1,05 + ¢35} and {¢; + {2 — 1,/35} contain an even
number. We then have

ag =0, Vo eS8, (161)

m—2

concluding the proof of (2).
3. Proof of (3)
To prove the point (3) we show that

) (o[ 11+] 00) ™) (162)

has different absolute value for different values of momentum k € {1,2,...(¢ — 1)/2}. This is enough because the

states |o>(k) and |u>(k) are unique up to a phase. Namely they are the only states in the representation such that
M, o)) = (t —2) o)™ | Ule)® = — o)) . (163)
M, |oe)*) = (t — 1) [00)®) | Ulee)™ = — |o)®) | (164)

This means that if (162) has different absolute value for two representations with momenta k and p, there cannot be
any transformation C fulfilling (33). Bringing (M), and (M), to the same form either makes different the form of
(M), and (M.), or that of (U); and (U),. A direct calculation gives

®) (o] 00) M) =1 4 ¥ (165)
So we have that (*) (e[ M| 00)(k) and (®) (e| M| 00>(p) have the same absolute value if
k
|COS7TT|=|COS7TTP|7 kp=1..,t—1, (166)

which is fulfilled only for p = k and p = ¢t — k. This concludes the proof.

III. RESULTS IN THE EVEN ¢t CASE

Here we state a few properties and observations relevant for the case of even times t. We start by showing the
following simple Lemma (supplementing Lemma 2 of the previous section)

Lemma 3. For even t and t > 4 both projectors Sy (cf. (45)), restricted to momentum k = t/2 subspace V5, are
non-trivial (non-zero matrices). For t = 2, V; is one-dimensional and the projector Sy is non-trivial (with rank 1),
while the projector S_ is a zero matriz.

Proof. For t > 4, examples of non-vanishing elements of S.V;/, are Si [ec e 0)(t/2). For t = 2, we have a single basis

element of V4, namely v = |o o)(l), for which Syv=wv, S_v=0. O
As a consequence, Y; /o and Yt’/2 are linearly independent for all even ¢ > 4, and Y1 + Y/ =0 for ¢t = 2.

Let us now state a few observations concerning eigenvectors of T of eigenvalues +1 for even t¢.
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1. Additional eigenvectors with eigenvalue 1

We start by enumerating eigenvectors of eigenvalue 1, or equivalently, linearly independent operators A simulta-

neously commuting with {M,, M,, M,,U}. Besides to the set of 2¢ operators {Y3,Y/;k =0,1,...,¢ — 1}, all having
ranks which grow exponentially with ¢ (typically as ~ —Qt) we generally have an additional rank one operator
Z =) (Y| (167)
such that Z2 = Z. Here the normalized state |1)), is a particular scrambled fermi sea
t/2
= H = Provip) e o bl ) (168)

t/2 t/2

It is straightforward to chek that this state is a spin singlet M, |[¢)) = 0. Moreover, it is an eigenvector of U,II, R
satisfying U [¢) = — o), T |[¢)) = — [¥0), R|p) = (—1)!/? ). Thus, Z satisfies Property 2 with ¢ = 0, i.e. it commutes
with {U, M,, M, M.}, and is orthogonal to (hence linearly independent from) all other general solutions

Ve =YoZ =2V =Y[Z =0, Vk (169)

The states Z, for all even ¢, have momentum k = ¢/2 and are odd under reflection in the sense, ZII = 117 = —Z,
ZR = RZ = —Z. This operator is generically the only additional operator that we identify. For ¢t = 8 and ¢ = 10,
however, we find a further additional solution in the zero momentum sector.

For ¢ = 8, the additional solution is a rank-3 projector

= D 1¥s) (Wsl, (170)

B=—1

where {13} is a triplet of states

1) = V2Yg (PR — MR + M) — M)
o) = 255 (ML) — M) am)
1) = VY0 (AT — AT + AT — [LAH) -

One can check straightforwardly that M. [¢g) = =28 [¢hg), (M7 + M 4+ M?) |1g) = 8|1s), meaning that [13) indeed
form a spin-1 triplet, and U acts as a parity

Uls) = —(=1)" ) (172)
This solution, again normalized such that Z’2 = Z’, is independent from all the other solutions
77'=7'2 =7V =Y 2" =2'Y,=Y.Z' =0, Vk, (173)
and satisfies 17 = Z'M1=272'  RZ' = Z'R= -7’
For ¢t = 10, the additional solution is again a rank-1 projector,
Z" = 1x) (x| (174)

normalized as Z"? = Z”, with

) = \/%S—Yo (AR — AL — AR + AT — AR — L), (175)
again being a spin singlet M,, |x) = 0, and an eigenvector of U, I1, R, satisfying U |x) = |x), IL|x) = |x), R|x) = — |x)-

As in the above cases, it is easy to check the linear independence (orthogonality) with respect to the other solutions
727" =2"2=27"Y,=YZ"=2"Y,=Y.Z" =0, Vk. (176)

For higher even ¢ we have found no additional solutions besides (167), hence we conjecture that for ¢ > 11 we have
exactly 2t + 1 independent eigenvectors of T with eigenvalue 1.
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2. FEigenvectors with eigenvalue -1

As we have shown, eigenvectors of T of eigenvalue -1 are only possible for even t. Here, however, we argue that
also for even t eigenvalues -1 are exceptional and can appear only in finitely many cases. For example, a linearly
independent pair of operators A4 satisfying Property 2 with ¢ = 7w can be obtained with the ansatz

Ay =) (Y], A_ = [Yo) (W4, (177)

where vectors |¢)+) are both spin singlets M, |¢+) = 0, and have opposite eigenvalues of U, U |¢1) = &£ |[¢1).
This happens in two cases

(i) t = 6; where the projector S_Y; has rank one so it can be written as S_Yy = |¢)4) (¢4 |, while the second state
in the pair, [¢)_), is given by (168).

(ii) t = 10; where the first state |¢)4) = |x) is given by (175), while the second state in the pair, |1)_), is again given
by (168).

For higher even ¢ up to ¢t = 16, we have found no other rank-1 operators commuting with {M,, M,, M., U}, besides
(167), so no other eigenvalue —1 eigenoperators can be constructed. Thus we conjecture that there are no other
eigenvectors of eigenvalue —1.

Note that the explicit cases discussed above, together with Property 4, completely explain the empirical Table I
reported in the main text.

IV. DIAGONALIZATION OF THE INTEGRABLE (TRANSVERSE FIELD) KICKED ISING MODEL

In this section we consider a non-trivial integrable limit of the Floquet operator (3), namely the case h = 0. In
this case this operator can be written in terms of a free fermionic Hamiltonian. One defines the fermionic operators
through a Jordan-Wigner transformation as follows

-1
C}l = H O'fg'l_ , cp = H O'J@O';'_ . (178)
j=1
Here we introduced
- 1 z i Y + 1 z i Y
o7 = Lo —id?). of = 505 +ial). (179)

In terms of these fermions the Floquet operator can be written as

Uki[0] = e'Here (1) (180)
with
eiﬂ'N +1 eiTrN +1 eiTrN -1 eiTrN -1 L
H - T pe H° A N = fe, . 181
et (J,b) 5 (J,b) Tt (J,b) R ;clcl (181)

Here (e +1)/2 respectively projects on the sectors with even and odd number of particles. Note that in terms of
the spin operators {o&} we have

L L
e™N = H(l - 2c;cj) = H oy, (182)
j=1 j=1
so e™V corresponds to a spin-flip transformation. The Hamiltonians H¢(J,b), H°(J,b) can be diagonalised by a

Bogoliubov transformation: the final result reads as

HOU) = Y k) (b;bk - ;) , (183)

kENS(R)



with NS(R) representing Neveu-Schwartz (Ramond) sectors

2

keR = k:%n, nezZnlo,L,
2 1

keNS = k:£<n+2>, neznlo, L,

and
e(k) = — cos™!(cos(2b) cos(2J) + cos(k) sin(2J) sin(2b)) mod 27 .

A complete basis of the Hilbert space is constructed by defining two states

O)nss 100k
such that
bp|0)p =0 if ke€R, bp |0)xg =0 if keNS.
For L odd we have
™V 10) g = sign(b + J) [0)xs ™V 10) = sign(b - J) [0)g ,
I [0)ns = (_1)9(_b_J) 0)xs 1L |0)g = [0)g
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(184)

(185)

(186)

(187)

(188)

(189)
(190)

where IIy, is the shift operator (¢f. Eq. (21) of the main text) on a chain of L sites and 6(x) is the step function. The
basis is constructed acting with the operators b; on |0)ys |0)g keeping only the vectors in the R sector with negative

eigenvalue of ¢/™V

2n-+1 2m

kiyokonia)ns = [ Ok 100ns » Ense s kam)g = [] 01,100k, mom e NN0,L/2],

i=1 i=1
k; ENS k;€R
In the case —J < b < J we find
2n 2m

ba,.kan)ns = [ 0L 100ns » lki o kem)g = [ 0k 10)r . nomeNN[0,L/2],

i=1 i=1
ki ENS ki€R

In the case J < b < —J we find

2n+1 2m-+1

kiy.konit)ns = [ O 1O0ns » [1see o komga)y = [ bE 0)g . n.omeNN[0,L/2],
i=1 =1
k; ENS ki€R

Finally for b > |J| we find

2m—+1

2n
b1y ks = [ 6k O0ns » [kts o kome)g = ] 0, 100g » nomeNN[0,L/2].
i=1 =1

k; ENS ki€R
For L even we have
e 10)ns = [O)xs > e 0)g =s
I, [0)ns = [0)xs I [0)g = (=1)°CP=D|0)y .
In the case b < —|J| we find

2m—+1

2n
k1ykandns = [ 6k O0ns » [kts o komen)g = ] 0, 100g » nomeNN[0,L/2],
i=1 =1

k; ENS ki€R

and those in the NS sector with positive eigenvalue of €!™. In the case b < —|.J| we find

ign(b + J)sign(b — J)[0)y ,

(191)

(192)

(193)

(194)

(195)
(196)

(197)
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In the case —J < b < J we find

2n 2m

kiyokandns = [ bk O0ns » [kas. o kamdp = [ bk 0)g » n.omeNN[0,L/2], (198)
=1 i=1
k;ENS k;€R

In the case J < b < —J we find

2n 2m

b1y kandns = [ bk O0ns » [krse o kamdp = [ bk 0)g » n.omeNN[0,L/2], (199)
e
Finally for b > |J| we find
2n 2m+1
k1ykandns = I 6k O0ns » [kts o kame)g = ] 0, 100g » nomeNN[0,L/2]. (200)
e

A. Spectrum at the self dual points

Let us consider the self dual points J = sw/4 and b = rm/4 where r,s € {£1}. For these points the dispersion
relation drastically simplifies

(k) = — cos™*(rscos(k)) mod 27 = (7"377 — k|- 77(715;—1)) mod 27 . (201)

Writing the quantisation conditions explicitly we have

- 5“5;”) mod 27, (202)

[ ——

2
e(kyn) = T (7‘5 5 5

where 0 = 1 in the NS sector and o = 0 in the R sector. This form implies

e(ky) = I <m+ 24 (L mod Q)M

. 5 1 ) meNn[0,L[. (203)

In words, depending on the sector, on the parity of L, and on the sign of rs the rescaled dispersion Le(k,)/27 is either
an integer or a semi-integer number in [0, L]. Using this expression and the basis constructed above we can explicitly
find the eigenvalues of the Floquet operator (3), it reads as

Py = € HEmr r € {NS,R}, me{1,...,2571}. (204)

Here we defined the quasi-energy

27 0 L even
emy = 7 Nm + E, + m(rs—1) 7(rs—1) , N, € NN [0, L[ . (205)
L { g — —ar— " L odd
where we introduced the variable 7, such that ng = —1 and nns = 1. Moreover, we introduced the ground state

energies Fr, Fng in the two sectors, defined by
1
B =— > elk). (206)
ker
These expressions are explicitly evaluated using the form (201) of the dispersion relation, the result reads as

L
Erzﬂ-i-{o L even. (207)

4 I Loodd
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Putting all together we have

2 L 0 L
emr = o+ A Y L eNN0, L. (208)
L 4 g~ 4 L odd
A direct consequence of (208) is that quasi-energy differences are given by
2 L
Em,yr — Em/ ) = i(nm - nm’) + Oﬂ. even (209)
L (e —mnw) L odd

V. NUMERICAL METHODS

Figure 2 is produced using direct time propagation of all basis states, namely we computed
(s|Utls) = (s|(UxU)']s) , (210)

for each element |s) of the “computational basis” composed of joint eigenstates of {Jj}. U is diagonal in the compu-

tational basis, so its entries are stored in a 2'-sized register and used to multiply vectors repeatedly. The kick part
Uk can be expressed as a simple tensor product of 2 x 2 matrices

Uk = H e = (1 cosb + io® sin b)®L, (211)
J
where for b = 7 /4
1 ®L
Ug =27 1/2 [1 ﬂ . (212)
i

The matrix element (210) can thus be computed in O(tL2L) operations, and the entire trace (spectral form factor)
in O(tL4%) operations, which is advantageous to full diagonalization for ¢t < 2L, Using this algorithm we compute

Kt)y= Y  (slUi[h]ls), (213)
{s;€(x1})

for specific realizations of disorder h = (hy,...,hr), and then average over many realizations of disorder.

Table I is produced by starting with a few random vectors of dimension 4¢ and acting on them repeatedly with the
transfer matrix T, as in the “power method”. The action of the transfer matrix can again be implemented efficiently as
a multiplication by the eigenvalues of the diagonal part and kicks. After enough iterations the vectors are projected
to the subspaces with the eigenvalues 1. We extend this method to compute the gap shown in Fig. 3. We start with
the random vector, make it orthogonal to £1 sectors and look how the norm of this vector shrinks. After n iterations,
for large enough n, the norm changes by a factor of |A|™, where A is the second largest eigenvalue.



