PHYSICAL REVIEW B 89, 134311 (2014)
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We study the Boltzmann transport equation for the Bose-Hubbard chain in the kinetic regime. The time-
dependent Wigner function is matrix-valued with odd dimension due to integer spin. For nearest neighbor
hopping only, there are infinitely many additional conservation laws and nonthermal stationary states. Adding
longer-range hopping amplitudes entails exclusively thermal equilibrium states. Especially for small next-nearest
neighbor hopping amplitudes, we observe prethermalization with two time scales, which can be related to the
relative strength of the nearest and next-nearest hopping. We provide a derivation of the Boltzmann equation
based on the Hubbard Hamiltonian, including general interactions beyond on-site, and illustrate the results by

numerical simulations.
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I. INTRODUCTION

Inrecent years, Bose-Hubbard models have been realized in
experiments using ultracold bosonic atoms in optical lattices
[1,2]. These experiments facilitate the study of many-body
effects like phase transitions from a superfluid to a Mott
insulator [3] and the (de-)coherence dynamics induced by the
Hubbard model [4-6]. Nevertheless, the out-of-equilibrium
dynamics, convergence to equilibrium and the dynamics after
a sudden quench remain topics of active research [7-9].

In this contribution, we study the dynamics of the in-
teger spin Bose-Hubbard chain in the weakly interacting
(“superfluid”) regime, as described by kinetic theory. Our
formalism allows for general hopping amplitudes (nearest
neighbor, next-nearest neighbor, etc.) and weak interactions
beyond on-site, see Sec. I11. In previous contributions [10-13],
we studied the Fermi-Hubbard model. In case of on-site
potential and nearest neighbor hopping, the Fermi-Hubbard
Hamiltonian is integrable and has an infinite number of
conservation laws. In Ref. [11], we discovered that this
integrable structure is still visible on the kinetic level by
having many nonthermal stationary states. On the other hand,
while the general spin Bose-Hubbard Hamiltonian with the
same couplings is apparently not integrable, the Boltzmann
transport equation still has an infinite number of conservation
laws, as to be discussed in Sec. IV. Hence the link between
microscopic integrability and infinite number of conservation
laws on the kinetic level is less stringent than anticipated in
Ref. [11].

For all Hubbard models, the additional conservation laws
disappear when turning on hopping beyond nearest neigh-
bor: all stationary states are thermal (Bose-Einstein, resp.
Fermi-Dirac) distributions, see Sec. V. For small next-nearest
neighbor hopping amplitudes, we observe prethermalization
[14-16] with a definite signature. The system quickly con-
verges to the nonthermal quasistationary state dictated by
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nearest neighbor hops only. The next-nearest neighbor hops
slightly modify the collision rates, which in the long run
establishes thermalization. In this sense, the next-nearest
neighbor hopping can be regarded as perturbation, which
establishes the additional slow time scale.

Our framework allows for inverted populations, thermaliz-
ing to a Bose-Einstein equilibrium state with formally negative
temperature 1/, as recently realized experimentally [17]. We
will illustrate by a model calculation in Sec. VI that shifting
the momentum of the initial Wigner state, k — k + %, flips the
sign of B of the (t — o00) stationary thermal state. Interestingly,
this thermal state is (in general) not simply a shifted copy
of the thermal state matching the initial state before the
shift.

While outside the scope of our contribution, we have to
point out one important feature of the kinetic equation for the
Bose-Hubbard model. Physically, for dimension d > 3 and at
sufficiently high density, there will be a superfluid phase, a
property that is still reflected at the kinetic level, see Ref. [18]
and references therein. In the spatially homogeneous setting,
if the initial Wigner function is smooth but of a sufficiently
high density, after some finite time span, a § function will be
formed at momentum k& = 0. The kinetic equation has then to
be augmented by coupling it to an evolution equation for the
superfluid density. For d = 1, as discussed here, to each initial
Wigner function there is a uniquely determined stationary
Bose-Einstein distribution. For d > 3, this property holds only
if the superfluid density is included.

II. BOSE-HUBBARD HAMILTONIAN

We first write down the Hamiltonian of the Bose-Hubbard
chain under study. The bosons are described by an integer
spin-n field on Z with creation and annihilation operators
satisfying the commutation relations:

[a(r(x)*’ar(,Y)] = axy‘srrr’ (D
lao(x), az(y)] = 0, (2)
las(x)*,a-(y)"] =0 (3)
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forx,y € Z,0,t € {—n,...,n},and[A,B] = AB — BA.The
Hamiltonian reads

H = Hy+ AH
= Y alx—ya®*-aly)

x,yeZ

A Vv * * 4
+t3 Z (x = ax)” - a()a(y)” -a(y)). @)

x,yEZL

Here, « is the hopping amplitude, which satisfies a(x) = a(x)*
and a(x) = a(—x). The dispersion relation w(k) is precisely
its Fourier transform: w(k) = &(k). In Eq. (4), a(x)* - a(x) =
>, as(x)*as(x), and 0 < A < 1 is the strength of the inter-
action. The pair potential AV consists of a scalar-valued non-
negative function V : Z — R, which satisfies V(x) = V(—x).
For the on-site case, V(x) = 8y, the Fourier transform is
constant, V(k) =1.

We use the following convention for the Fourier transform:

fy=Y" fox)e 't )

xeZ

such that the first Brillouin zone is the interval T = [—%, %]
with periodic boundary conditions. H can be written in Fourier
space as

H = / dk w(k) (ak)* - ak))
T

A ~
42 / 4k 500 V (ks — ko)
2

x (aky)" - a(ka))(a(ks)" - a(ks)) (6)

with k=kH —ky+ k3 —ks mod 1 and d*k =
dky dk, dks dky. Note that the convention for k differs
from Refs. [10,11] by an interchange of k, <> k3, for
consistency with the derivation in Appendix B.

In this contribution, we will study a prototypical model with
nearest neighbor hopping and an additional next-nearest neigh-
bor hopping term with tunable weight 1. The corresponding
dispersion relation reads

wy,(k) =1 — cos(2mwk) — ncos(4mk), 7)
and the pure nearest neighbor hopping case corresponds to
n=0.

III. BOLTZMANN-HUBBARD EQUATION

We will derive the kinetic Boltzmann equation in
Appendix B, in analogy to the fermionic case [12]. The central
object is the two-point function W (k,t) defined by the relation

(o (k1) 0y (k1)) = 8(k — k) W(k, D)o ®)
For each k € T, W(k,t) is a (2n + 1) x (2n + 1) positive
semidefinite matrix. The resulting Boltzmann equation reads

0
EW(/@I) = C[W]k,1) + Ca[W](k,1) = C[W](k,0),  (9)

with the first term of Vlasov type,
CelWk,t) = —i [Hegt(k, 1), W(k,1)], (10
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where the effective Hamiltonian Heg(k,?) is a 2n + 1) x
(2n 4 1) matrix which itself depends on W. More explicitly,

1
Heff,l = / dkrdksdky 8@)73(—)
T3 )]

x (‘723‘734(W2W3 + WiW, — Wo Wy + W3)
+ Vi e[ W3 — WylWs). 1)

Here and later on, we use the shorthand W = 1 + W, W, =
Wk.0), Heri = Her(krt), o = o(ky) — o(ks) + o(ks) —
w(ks), and V;; = V(k; — k;). Note that V34 = Vi, in Eq. (11)
due to k; — ky = k4 — k3 and the symmetry of V.

The collision term C4 can be written as

CalWl = ﬂ/j.wdkzdksdkz; 8(k) (@) (A[W 1234 + AW 1{230),
12)

where the index 1234 means that the matrix A[ W] depends on
k1, ka, k3, and k4. Explicitly,

AW g = Va3 Vag WaW3Ws + Vi, Wy tr[ Wa W3]
+ Wl(V23‘734(W2W4 — W3 Wy — W W3)
+ Va(Wa tr[Wa — W3] — tu[WaW3])).  (13)

The gain term, consisting of the first two summands (plus
their conjugate-transposes), is always positive semidefinite as
proved in Appendix A. Hence, if W, has an hypothetical
zero eigenvalue, then the term W(...) projected onto the
corresponding eigenvector vanishes and the gain term pushes
the eigenvalue back to be positive. The § function of the
collision term contains both normal processes and umklapp
processes for which ky — ky + k3 — ky = £1.

Using ky <> k4, the integrand in Eq. (12) admits the
reformulation

A[WTizzs + AW 34 = Aquad[Wlhizzs + Ae[Wlizs  (14)
with
AquadlWliaza = Va3 Vags(Wi Wa W3 Wy + Wa W3 Wo W,
— WiWLWaWy — WaWsWaWy)  (15)
and
AulWlizss = VE((WWa + W W) W3 Wa]
— (Wi Wa + Wa W[ Ws Wal).  (16)

As a remark, the conservative collision operator C. can be
written as

1
C A Wlk,t) = —i/ dkzdk3dk45(/£)73(—)
yl w
X (A[W1i23a — AW 534)- a7
IV. GENERAL PROPERTIES OF THE HUBBARD
KINETIC EQUATION

The SU(2n + 1) invariance of H is reflected by
ClU*WU] = U*C[WIU (18)
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for all U € SU(2n + 1). Hence, if W(k,t) is a solution to the

Boltzmann equation (9), so is U* W(k,t) U. Analogous to the

Fermi case, hermiticity and positivity, W(¢) > 0, is propagated

in time. Positivity is enforced by the “gain term” in Eq. (13).
In general, spin

/dk W(k,t) (19)
T

and energy

/ dk w(k) tr[W(k,1)] (20)
T

are conserved. As discussed in Refs. [10,11], additional
conservation laws emerge depending on the dispersion relation
w(k). Namely, for the nearest neighbor hopping model, n = 0
in Eq. (7), the function

h(k,t) = t[W(k,0)] — e[ W (5 — k.1)] 21

remains constant in time (pointwise for each k£ € T). Using
similar arguments as in the fermionic case, the conservation
laws follow by an appropriate interchange of the integration
variables k1, . .. k4.

To prove the H theorem, we first recall the definition of the
entropy for bosons (log here and subsequently is the natural
logarithm):

S[W] = / dk;(tr[W; log W] — tr[ W, log W1]).  (22)
T
Hence the entropy production is given by

o[W] = %S[W]:fdkl tr[(log Wi — log W1) C[W1,].
T

(23)
The H-theorem states that

o[W] > 0 for all positive semidefinite W. (24)

To prove (24), we start from the eigendecomposition
(at fixed 1)

W(k) =Y ho(k) Py (k) (25)

with eigenvalues A, (k) > 0 and orthogonal eigenprojections
P, (k) = |k,0){k,o|, such that (k,o|k,0’) = 8,,. As before,
we use the notation P; = Py, (k;), Aj = Ao, (k;) and ), =
201702’03’04. Inserting (25) into (23) and using the represen-
tation in Eqgs. (15) and (16) as well as the interchangeability
ko, <> k4, one obtains

oIW] = / 4k 3(08()
']I‘4

X Z(log A1 —log A)(AAaksha — AAodsha)

o
x (Vi tr[ Py Py )tr{ P3 Py] + V5 tr[ Py Py]tr[ P2 Ps]
+ Va3 Vg tr[ Py Py P3 Py] + Vo3 Vay tr[P4P3P2P1])

=7 [ d*k 8(k)8(w) 2(5»1)»25»3l4 — AihoAsha)
T+ ~

x log(hy /A1) | Vay (ky,01|k2,00) (k3,03 | kg, 04)
+ Vo (k1,01 |ka,04) (k3,03 ka, 02) |*. (26)
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Interchanging 1 < 3, 2 <> 4, and (1,3) <> (2,4) and using
Vag = Via, Vo3 = V4 due to §(k), one arrives at

oiwy =" / k3008 ()
4 Ju

}\1,\213,\4>

X JiAahzhs — AiAoAzdg) 1o -
Xo':( 1A2A3A4 1A2A3A4) g()»l)nz)@)w

X | Va4 (ky,01 k2 ,00) (k3,03 | kg, 04)
+ Vs (k1,01 ks, 04) (k3,03 |ka,02) |*. 27

The last expression is >0 since (x — y)log(x/y) > 0.

From the form of (27) one concludes that the stationary
states (discussed below) do not depend on the potential, as
long as V (k) stays nonzero for all k € T.

V. STATIONARY SOLUTIONS

The kinematically allowed collisions depend only on the
dispersion w(k) and are discussed already in Ref. [11]. The
initial state determines a special, k-independent basis |o)
through

dk W(k) = - . 28
fT (k) 20:8 o) (o] (28)

By the spin conservation (19) this basis is preserved in time.
Thus it is natural to expand W (k,t) in this special basis.

For long times, we expect that W (k,#) will become diagonal
in the conserved spin basis, analogous to the fermionic case
[10,11]. Without the additional conservation laws in Eq. (21),
W (k,t) will converge to a thermal Bose-Einstein distribution

W[h(k) = Z (eﬁ(w(k)—un) _

o

)7 o)ol, (29

with temperature 1/8 and chemical potentials 1., precisely in
accordance with the conserved spin and energy. For the nearest
neighbor case with conserved h(k,t), the stationary solutions
should have the same structure as in Eq. (29), but with w(k)
replaced by a more general function f. One obtains

Wak) =D ro(®) o) o], Ao(k) = (/% — )7,

(30)
where f is a real-valued, 1-periodic function satisfying
fk) = —f(% —k)and f(k) —a, > Oforallk,o.

Assuming that the initial W converges to a stationary state
of the form (30), it must hold that

hk) =Yy ("0 =)' — (/O — 7. 3D

The spin-conservation law requires that the eigenvalues &,
in Eq. (28) are equal to

&y = f dk (e/®= — )71, (32)
T
We claim that (31) and (32) uniquely determine f and a,, or

more specifically, that the map between

u[Wk)] —u[W(3 —k)]. lkI<i, & >O0foralo

(33)
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(a) matrix entries
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eig(W(k,0))
1.5
1 L
/\\/é
1 1 1 1 k
-0.5 -0.25 0.25 0.5

(b) eigenvalues

FIG. 1. (Color online) The initial state W (k,0) used for the simulations. (a) The cyan (upper) curves show the real diagonal entries, and
the darker and lighter red curves the real and imaginary parts of the off-diagonal |0)(| | entry, respectively. For visual clarity, the remaining
off-diagonal entries are omitted in the plot. (b) Eigenvalues of W (k,0). Note the crossing (at negative k) and avoided crossing (at positive k) of

the upper two curves.

and
{f(k),a5} with f(k) = —f(3 —k)  for [k <

fk)—a, >0 forallk,o

1
4 9

(34
is one-to-one. In particular, to a given W one can associate a
unique W of the form (30).

Proof of the bijective mapping. By a short calculation, (31)
can be written as

_ — sinh f(k)
h(k) = ; sosha, —cosh 70 (35)
and (32) as
—sinha,
fo = [dk<cosh a, — cosh f(k) - 1) (36)

with interval of integration I = [—i, i]. We define a general-
ized “free energy” through

H(f.a,) = / dk ) —log (cosha, — cosh f(k)).  (37)
I o

The map (f,a,)+— H is strictly convex: namely, H is an
integral and sum of functions

(f,a) = —log(cosha — cosh f), |f| < |al,

which are strictly convex since the eigenvalues of the Hessian
matrix are cosh(a = f) — 1 > 0. Furthermore,
—sinh a, 1

a
Hz/dk =& — = 39)
dd, 1 cosha, — cosh f(k) 2

(38)

and

SH sinh f (k) _
Sf(k)y Xa: cosha, —cosh f(k) hk).

(40)

Thus the map from above can be viewed as Legendre transform
from the first set (33) to the second set of variables (34). Since
H is convex, the map is one-to-one. [ |

VI. SIMULATION

The details of the numerical implementation and mollifica-
tion of the collision operator have been adapted from [11] to

the bosonic case. Here, we report simulation results. For better
comparison, we start always from the same initial state and
modify the parameters of the evolution equation.

A. Initial Wigner state

We fix the initial condition W (k,0) as illustrated in Fig. 1.
The cyan lines in Fig. 1(a) represent the real diagonals, and
the dark and light red functions the real and imaginary parts of
the off-diagonal |0)(]| entry, respectively. The eigenvalues
of W(k,0) in Fig. 1(b) are non-negative for each k € T,
as required, and W (k,0) is continuous on T. Note that the
eigenvalues can exceed 1, different from the Fermi case. One
observes that the eigenvalue crossing evolves to an avoided
crossing during the simulation. For reference, the analytical
formulas of the matrix entries are provided in Appendix D.

B. Stationary states

One can obtain the stationary state corresponding to the
initial W(k,0) via the conservation laws Eqgs. (19)—(21),
as shown in Sec. V. Different dispersion relations lead to
different stationary states, which are illustrated in Fig. 2 for
the nearest and next-nearest neighbor hopping models. The
next-nearest neighbor cases result in thermal Bose-Einstein
distributions, while the nearest neighbor case results in a
nonthermal stationary state of the form (30), see Fig. 2(a).
The corresponding f function is shown in Fig. 2(b).

C. Exponential convergence and prethermalization

The next-nearest neighbor model with small = % serves
as illustration of the prethermalization effect. In our context,
the initial Wigner state converges quickly to a quasistationary
state close to the nonthermal stationary state in Fig. 2(a)
(nearest neighbor model with n = 0), and then thermalizes
slowly to the equilibrium state in Fig. 2(c). The entropy
increase [shown in Fig. 3(a)] quantifies this dynamical picture:
the entropy quickly reaches the entropy of the stationary
nearest neighbor state (dashed black curve), and then further
increases towards the actual thermal equilibrium state, with an
exponential decay rate of 0.136. For comparison, the decay
rate to the nonthermal stationary state for n =0 is 13.47.
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(c) thermal equilibrium state (next-nearest neighbor (d) thermal equilibrium state (next-nearest neighbor

hopping, with n = 5—10) hopping, with n = %)

FIG. 2. (Color online) Diagonal matrix entries (colored curves) of the stationary (+ — 00) states corresponding to the initial W(k,0) in
Fig. 1, for the nearest neighbor hopping model (a) and the next-nearest neighbor model with n = 51—0 (c)and n = % (d). The off-diagonal matrix
entries are zero. Apparently, the final state sensitively depends on the dispersion relation w(k). The additional conservation laws in the nearest
neighbor case lead to a nonthermal stationary state. (b) The f function (solid blue) and conserved tr[ W (k)] — tr[W(% — k)] (dashed green) for
the nearest neighbor hopping model, which determines the nonthermal stationary state in (a). The faint gray curves show the corresponding
entries when shifting the initial state k — k + %, resulting in negative temperatures of the thermal stationary states. Note that the gray curves
in (a) are exact shifted duplicates, which holds not true for the next-nearest neighbor models in (c) and (d). As discussed after Eq. (27), the
stationary states do not depend on the potential V (k).

An analytical approach in terms of the vanishing off-diagonal D. Population inversion (negative temperature)
entries follows the same lines as in Ref. [11], and is illustrated

N States with formally negative temperatures (8 < 0) have
in Fig. 3(b).

recently attracted interest [17,19]. In our context, first observe

S[W()], =0.02

330 ¢ .
llofEdiag(W(O)~ Wyl 7=0.02
3.29
025}
3.28 0.20 F
3.27 0.15
0.10 |
3.26 0.05 -
‘ ‘ : -t 0.00 ‘ ‘ X
0 2 4 6 8 0.5 1.0 1.5 2.0
(a) entropy increase (b) convergence of the off-diagonal entries

FIG. 3. (Color online) (a) Entropy increase for the next-nearest neighbor model with small n = % (dark blue curve). The red curve shows
the entropy of the corresponding equilibrium state, and the dashed black curve the entropy of the stationary nearest neighbor state. The
entropy increases quickly up to ¢ >~ 0.5, where it reaches the dashed curve (“fast motion”). Afterwards, it slowly approaches the actual thermal
equilibrium value (“slow motion”). (b) Exponential convergence of the off-diagonal entries. The dynamic matches the “fast motion” in (a) quite
well, i.e., the off-diagonal entries (almost) reach zero within the “fast motion” period. For visual clarity, the time axis in (b) is shorter than in
(a). To demonstrate the effect of the potential, the faint blue curves show the results for a calculation with the potential in Fig. 5 instead of the
uniform V (k) = 1.
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that the exponential term of the Bose-Einstein distribution
(eﬂ(w(k)_l‘va) _ ])—1 (41)

is invariant under § — —pf when simultaneously changing
the sign of w(k) — u,. As argued in Ref. [19], a sign flip
of the nearest neighbor dispersion (up to an arbitrary offset)
is accomplished by shifting the momentum k — k + % In
terms of the f function in Eq. (30), the shift of momentum is
equivalent to a point reflection at the origin since f(k + %) =
— f(—k). However, for the next-nearest neighbor models, the
sign-flip property of the dispersion holds not exactly true due
to the additional 71 cos(4wk) term, which is invariant under
k—k+3.

Nevertheless, it turns out that simply shifting the initial state
inFig. I by k — k + % suffices to obtain thermal equilibrium
states with negative temperature. The states resulting from
the initial shift are shown as faint gray curves in Fig. 2.
Note that the thermal gray curves attain their maximum at
(or close to) the boundary of the Brillouin zone, while positive
temperature states have their maximum at k = 0. As expected,
for the nearest neighbor model the f function is reflected about
the origin and the gray curves in (a) are shifted copies of the
original colored curves, whereas for the next-nearest neighbor
model this does no longer hold since w, (k + %) # —wyk)+c¢
for nonzero 7. The inverse temperature § of the thermal states
is shown in the following table. Note that the shift also changes
the absolute value:

n =0.02 n=0.5
B of original W (k,0) 0.1403 0.1228
B of shifted W(k + %,0) —0.1394 —0.09507

E. Effect of the potential

The three eigenvalues of a spin-1 Wigner state W (k,t)
define a point in R?. We thus obtain for each ¢ a spectral
curve of eigenvalues as k traverses the Brillouin zone T, as
visuallized in Fig. 4 for the next-nearest neighbor model with
n=s.

Ccz)mparing a simulation using the standard on-site poten-
tial V(k) = 1 with a k-dependent potential V(k) =1/2—
cos(2wk)), one notices that the convergence for the k-
dependent potential is slower as compared to the on-site
case; this observation can be confirmed quantitatively: the
exponential decay rate in Hilbert-Schmidt norm is 0.67 and
0.25, respectively. The potential is visualized in Fig. 5.

The kinematically allowed collisions §(k) §(w) define the
collision manifold, a subset of T*. Specifically for the next-
nearest neighbor model with n = %, it consists of the yy, y»,
Vdiag» and Yenip manifolds as discussed in Ref. [11]. Figure 6
shows the latter two, with color encoding the eigenvalues of
Agquaa on the left and A, on the right (for the initial state W (k,0)
and V (k) = 1). Considering the effect of the potential in Fig. 5,
let us briefly elaborate on the weighting of the collisions by the
1% prefactors of the Aquaq and Ay integrands. Since V(k) attains
its maximum at k = 0, the scale factor V(kz — k3)‘7(k3 — ky)1is
largest when the momenta k1, . . . ,k4 are all equal. Concerning

PHYSICAL REVIEW B 89, 134311 (2014)

0.4 06 04 A

FIG. 4. (Color online) Time evolution of the eigenvalues of
W (k,t) for the next-nearest neighbor model with n = % and the k-
dependent potential in Fig. 5. Each curve shows the three eigenvalues
of W(k,t) as k traverses the Brillouin zone T, for fixed ¢t. The
blue and green colors correspond to ¢ = 0 [also see Fig. 1(b)] and
t = 1/16, respectively. The red curve corresponds to the final thermal

equilibrium state [illustrated in Fig. 2(b)].

V(kg — ky)?, the hyperplane k3 = k4 (or equivalently k; = k)
contributes the most.

VII. CONCLUSIONS

On the kinetic level, the dynamics of bosons and fermions
in one dimension is qualitatively similar: additional con-
servation laws and nonthermal stationary states exist for
pure nearest neighbor hopping. These additional conservation
laws disappear when turning on longer range hopping terms,
and all stationary states become thermal equilibrium states.

V()

0.5}

0.25r

‘ ‘ k
-05  -025 0.25 0.5

FIG. 5. (Color online) The k-dependent potential V (k) =1/
(2 — cos(2mk)) used in the simulation in Fig. 4.
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(a) eig(Aquad )
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ki

(b) eig(Atx)

FIG. 6. (Color online) Three-dimensional shape of the ygiae and yepip collision manifolds for the next-nearest neighbor model with n =

1

E.
Color encodes the eigenvalues of (a) Aguq and (b) A, in Egs. (15) and (16) with the ‘7,, prefactors set to 1, for the initial state W(k,0).
Eigenvalues can be negative, and the zero state corresponds to gray color.

Prethermalization is observed for small next-nearest neighbor
hopping, and the hopping amplitude controls the time scale of
the slow convergence to thermal equilibrium.

Conversely, the main modifications for bosons include the
following: W = 1 — W for fermions is replaced by W =1+ W
for bosons, the Wigner matrix W (k) has dimension (2n + 1) x
(2n 4 1) where n € Ny is the spin quantum number, and the
Fermi property 0 < W(k) < 1 is relaxed to 0 < W(k) for
bosons. Concerning inverted populations, the shift-invariance
of the evolution dynamics with respectto k — k + % is broken

by the dispersion relation whenever w(k + %) #* —w(k) + c.

APPENDIX A: POSITIVITY

The following lemma ensures positivity of the gain term in
Eq. (13), when identifying x = \734, y= —V23 and using the
interchangeability of the integration variables k, <> k4.

Lemma 1.Let A,B,C € C%*? pe positive semidefinite and
x,y € R. Then

x> At[BC]+ y*Ctue[BA] —x yABC —xyCBA > 0.

Proof. By the spectral decomposition of B with non-
negative eigenvalues, we can without loss of generality assume
that B = [y) (| for a ¢y € C¢. Now let ¢ € C? be arbitrary,
then

(p|x*> Atr[BC] 4 y> Ctr[BA] —xy ABC — xy C BA|p)

= 2@l Alp)(VICIY) + y* (0| Clp) (V| AlY)
—x y(@lAlY) (¥ |Cle) —x y{e|ClY ) (V]Alg)

> 2@l Alp) (Y ICIY) + y* (@I Cl) (W] AlY)
=2 x (@A) (¥ |Cle)l.

Using the Cauchy-Schwarz inequality |(¢|A|y)|*> < (¢|Al@)
(¥ |AlYr), we arrive at the further estimate

> xX gl Alp) (Y |C 1Y) + ¥ (@I Clo) (W] Aly)
—2xylV (@l Ale) (W A[Y)V (@ICle) (¥ |Cl¥)
= (Ix1V/ (el Alp) (W ICl¥) — Iy IV (9ICle) (W[A[¥))

> 0. n

APPENDIX B: DERIVATION OF THE BOLTZMANN
EQUATION FROM THE BOSE-HUBBARD HAMILTONIAN

We transcribe [12] to bosons and generalize to arbitrary
(integer) spin quantum numbers. Notably, the determinants
for fermions will be replaced by permanents for bosons in
Eq. (B28) below, due to the switch from anticommutators to
commutators. In addition, for this section we consider the
straightforward generalization to Z¢ as underlying lattice. The
derivation is formally very similar to Ref. [12], but for the sake
of self-consistency and reproducibility we provide the details.

We start from the Hamiltonian in Eq. (4) and assume
as in Refs. [10-12] that the initial state is gauge invariant,
invariant under translations, and quasifree. It is thus completely
determined by the two-point function

(a5 (k)*ar (k) = 8(k — k)W, (k,0), o, €S, (Bl)
where (-) denotes the average with respect to the initial
state and S = {—n, ...,n} enumerates spin quantum numbers.

Averages of the form ((a*)"a™) vanish unless m = n, and all
other moments are determined by the Wick pairing rule. As
discussed in Ref. [12], the quasifree property is approximately
maintained up to times of order A2 for small A < 1.

The true two-point function W, is defined via the relation
8k — YWy (k, D)oy = (do (k,t)*a,(k,1)); we expand W, for
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fixed ¢ up to order A2,
Wik, t) = WO&) + AW Dk, 1) + A2 WOk, 1) + O(3),
(B2)

and extract the collision operator from W®, asinRef. [12]. To
emphasize independence of a specific spin basis, we consider
(f, W,.(k,t)g) for arbitrary vectors f,g € C>"+!. Here, (-, -)
denotes the inner product in spin space, with the convention
that the left argument is antilinear. We will use the vector
valued operators

ak) =Y Toao(k)ee and  ayk) =Y g, a5(k) e,
oes oes
(B3)
where f denotes the complex conjugate, f,,g,, o € S denote
the components of f and g and ¢, enumerates the standard
basis. The following operations map two (2n + 1)-vector
valued operators to a scalar-valued one:

v@w:X:v(,wr and v-w:ngwa. (B4)

o,TeS oeS

For example,
(ar(k,0)" © ag(k,1)) = 8(k — k) (f, Wi (k,0)g).

The time derivative of the basic (2n + 1)-vector valued
operator becomes

d N
E&f(k,t)# = i[H,a;(k,1)"]
~ A A
= i[Ho,ar(k)"1(t) +i > A ar()*(r),  (BS)

where # denotes either nothing or an adjoint, corresponding
to an annihilation or creation operator, respectively. For
the quadratic Hy, it follows directly from the commutation
relations that

[Ho.ay(k)] = / , dk' w(kak)" - ak’),aq(k)]
']I‘(
= —w(k) ag(k) (B6)
and, for the creation operator,
[Ho.ap(k)*] = —[Ho.a¢(k)]* = w(k) as(k)*. (B7)
For H,, we first consider

1
[H1,as(2)] = 5 DV = (a0 - ax)) ag(z)

xeZ4

£3 VG0 ()" a) - B8)

x€Z

such that in momentum space,

[ﬁl ’&g(kl)] = Z [H, ,ag(z)]gfzm' ki-z

zeZ4
1 N
=5 | kv =g~ [ diow oy
T (T4y

X V (ks — ka)ag(ka)(a(ks)* - a(ks)). (B9)

PHYSICAL REVIEW B 89, 134311 (2014)
Thus one arrives at
d N
Eag(krt) = l [Ha&g(kl’t)]

A
= —iw(k)ag(ks,t) +i ) V(0) ag(ky,1)

—ix / dkass 508 V (ks — ki)
(T4’

x aglka, 1) (ks 1)" - ke, ),

where k = k| — k, + k3 — k4. For the subsequent calculations,
we use the notation ki34 = (ky,k2,k3,k4) and introduce the
following terms:

(B10)

Alh,a,b,cl(ky,t) =/ dkazs 8(k) h(ki1234,1)

(']1‘41)3
x V(ks — ks) alka,t) (b(ks,t) - c(ks,1))
(B11)

and

Aulh,a,b,clky,t) = / dkaza 8(k) hi(k1234,1)
(T4’

x V(ky — k3) (atko,t) - b(ks,1)) c(ka,1),

(B12)

where h is any complex-valued function and a,b,c are
(2n 4 1)-component vector-valued operators as in Eq. (B3).

Then A and A, are again vector-valued operators and satisfy
the relation

(Alh,a,b*,clk,0)" = Alh,c*,ba*l(k,p).  (BI3)
The evolution equation (B10) can then be written as
d ., . 1 .
Taykn) = =i (00 - > V) agth.)
—ir Alid,a,,0%,al(k,1), (B14)
and correspondingly, for the creation operator,
(Latken) = Latkry
——a(k, = —ax(k,
dr’ dr
1
= i(a)(k) ~ 5 V(O)) ark, 1)
+ir Aulid,a*,a,af1k,t).  (B15)
The linear part can be removed by defining
ag(k,1) = @O=3VON 4 (1), (B16)
The phase factor cancels in the correlator, such that
(ar(k,0)* © ag(k, 1)) = (ar(k,1)* © ag(k,1)). (B17)
With the notation
Waped = W(kq) — w(kp) + w(ke) — w(ky), (B18)
one finally arrives at
d A
. ag(kl st) = —il A[elw]234t »Ag, Cl*, Cl](k] ,t), (B 1 9)

dt

134311-8



DYNAMICS OF THE BOSE-HUBBARD CHAIN FOR WEAK ...
and for the adjoint,

d A
—ap(ky, )" = ix Aufe” 0%, a,a7](k1,1).  (B20)

dt
Integrating Eq. (B19) leads to

t
ag(ky.1) = ag(kl,O)—iA/ ds A[e" a,.a*,a)(k;,s).
0
(B21)

We now iterate Eq. (B19) twice up to second order of the
Dyson expansion, such that with an error of order A3,

d
Eag(klat)

= _l)\, A[eiw1234t,&gy A*9&](](1 10)

t
_2 f ds Al Al 4, 0% a1,8" a)(kr.5)
0
t
422 / ds A[e”™ a,, A*Te™ 0 4% a.a"].a1(k.5)
0
t
_a2 / ds Al ag,a*, Al 4.0* al)(ky.5)
0

d d
= Aaa;l)(kl,t) + xzacﬁ;)(kl,z) + OR3). (B22)

We have thus obtained the expansion in A (for fixed ¢):

ag(ky 1) = aP ki, 1) + A a (ky,0) + 2% al (ki,1) + O,
(B23)
where a(go)(k,t) = ag’)(k,O) = ay(k). A corresponding expres-

sion is satisfied by as(k,?)*. Iterating further yields the formal
expansion

d -
E(af(k,t)* O ag(k,1)

n

o0 d _
=y Y —(apk,t)*™ "™y, (B24
D3 Gkt 0 ek ). B24)

m=0

PHYSICAL REVIEW B 89, 134311 (2014)

Therefore W, (k,t) can be written as
8(k — k) (f, Wa(k,0)g)
= (ar(k,0)* © a,(k,0))

[} t n

d m T n—m

+ ZA/O ds Y —{ar(k,s)"" © ag(k, )" ")
n=1 m=0

= 8(k — k) Y W (E, W (k.0)g). (B25)
n=0
The zeroth order term of Eq. (B25) reads
8(k — k) (f, WOk)g) = (ar(k,0)* © ag(k,0))
= (ar(k)* © ag(k)). (B26)

In the next two sections, we compute the first- and second-
order terms.

1. First-order terms

We represent the various summands of the WV (k,¢) term in
Eq. (B25) as Feynman diagrams, which coincide for fermions
and bosons. The first-order terms are determined by

S(ky — ks)(f, WD(ky,1)g)

t
_ i/ ds (A*[e_i‘”‘23“s,a*,a,a>fk](k1) o) Clg(k5,S)(0)>
0
t
—i / ds (ar(ky. )" © Al a.a".al(ks)
0

'
= / ds/ dksa 8() V(ky — k3) e~ i@
0 (Tdy
x {(atke)” - aks)) (ar(ka)* © dy(ks))
'
- / ds / dky34 8(k) V(kg —k4) PN
0 (Td)3

x ((ar(k))* © agka)) (aks)* - a(ks))).

The first term is represented by the left graph in Fig. 7,
as explained in detail in Ref. [12], where the corresponding
Feynman rules are also listed. As last step, the average (-)
of the product of creation and annihilation operators at the

(B27)

FIG. 7. (Color online) The diagrams of the first-order terms in A.
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bottom of the graph needs to be taken. Every (a(k;)* - a(k;))
entails a factor of V(k; — k ). By construction, if one starts
to count the direction of the arrows from left to right in any
of the time slices, they always start with an up-arrow and
alternate from left to right in up-down combinations. This
results in an alternating sequence of creation and annihilation
operators at the bottom of the graph. The Wick pairings “LI”
shown under the graph follow from averaging this alternating
sequence over the initial quasifree state. The average has a
particularly simple form for the alternating order of creation
and annihilation operators: it can then be computed according
to the Wick rule:

(aray, ---afa;,) = perm[K (ir, j)]i<k.i<ns (B28)
(ara;) if k<1,
(azar) if k>1,

Ji%i;

K (i, ji) = (B29)

and “perm” denotes the permanent of a matrix. For example,
the expectation value (-) over the initial state in the first term
in Eq. (B27) can be expressed as

((atka)* - a(ks)) (ar(ka)* © aglks)))

= Y Tolelo,(k2)ao, (k3)o (ks)*ar (ks))

01,0,TES

= Y Frgperm (a0, (k2)* 15, (k3)) (a0, (k2)*air (k)
e (o, (k3)aig (ka)*) (G (ka)*ar (ks))

01,0,TES

= Z £o 20 (a0, (k2)* g, (k3)) (o (Ka)* Az (ks))

01,0,TES
+ (Ao, (k3)e (ka)* Yo, (k) i (Ks))).

The two Wick pairings shown in Fig. 7 represent the
two different pairings in Eq. (B30). Since for instance,
(G, (k3)aos (ka)*) = 8(ks — kg)W(ks)so,, the left diagram
yields

(B30)

t
f ds Gstk,5)* D © aglhs, )®)
0

N dky(V (0) tr[ W1 (£, Wi g)

+ V(ki — ko) (£, Wa W1 g)),

=it (ks — ks)

(B31)

where a(k,r) = % a(k,t). The contribution of the right diagram
in Fig. 7 can also be computed directly by taking an adjoint
of the result above. When summing the two diagrams, the
integrand containing V(0) cancels, and thus the first-order
term is given by

WOk, t) = —it[RIW]1, W, ],
(B32)

R[W] = /d dk V(ky — k) W(k) € Caniiyx@nin)-
T

All four diagrams in Fig. 7 have an interaction with zero
momentum transfer (for instance, using the top left pairing
leads to k4 = k1). Such diagrams will also appear in the second
order and we call them zero momentum transfer diagrams.

PHYSICAL REVIEW B 89, 134311 (2014)

2. Second-order terms

We next consider the second-order term in A, which we
decompose into a sum of four terms, obtained by evaluating
the time-derivative in the equality

8(k — k)(f, WO(k,1)g)
roGd ~
— /0 sy %mf(k,s)*(’") O ag(k,s)*™™).  (B33)

m=0

a. (1',1) term

In the previous section, we have already shown that

t
/ ds <df(k1,s)*(1) © ag(ks,s))
0

t 52 .
_ / dsy / dsi (A*[e™5% ¥ a.a*](ky)
0 0

QAL ™ ag,a*, a](ks)), (B34)

which can be represented by the Feynman diagram (Fig. 2 in
Ref. [12]). In order to evaluate the diagram, we start with

((atka)* - athks)) (ar(ke)* © ag(ke)) (alkn)* - a(ky)))
= Z ?agr<au1 (k2)* Ay, (k3)

O, T, b1, 42
X dg (ka)* az(ke) ay, (k7)* ay, (ks)).
Using Eq. (C7) in Appendix C,
(5, 01" r, (1) 84, (12)" 81, (j2) 8, (i3)" 81, (J3))
(s, (0)ran, () (as, (D) an () (@5 @) ar(3))
=perm | (ay, (j)as, (i2)*) (@5, (i2)*ar,(j2)) (A, (i) ar,(J3)) |,
(@, (jD)as, (3)*) {ar, (2)as, (3)*) (a5, (3) ar ()
(B36)

(B35)

one arrives at
((atka)" - atks)) (ar(ks)* © ag(ke))(alks)" - alks)))
= 8(ks — k7)8(ks — ke)3(ky — kg)(f, Watr[ W3 W,]g)
+ 8(ky — ke)8(ka — ks)8(ks — ko)(f, W4 W3 W,g)
+8(ky — k3)3(ka — ke)d(k7 — ks)(f, Watr[W,]tr[W7]g)
+ 8(ky — ks)8(ks — ka)8(ke — ko)(f, WaW,Wisg)
+ 8(ke — k7)8(ks — kg)3(ky — k3)(f, WaWetr[W,]g)
+ 8(ky — ks)d(ks — ka)8(ka — ke)(E, W3 Watr[ W7lg).
(B37)
Inserting this formula into (B34) yields the following expres-

sion for the (1’,1) term:

t
/ ds (301,87 © aglhs,))
0

1 ,
= 8tk — ks) 37 . ziwi{™Vg)

t 52
18kt — ks) f dsy / ds, / ks 5C6)
0 0 (Td)3
x e~ DIW TG, g). (B38)
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Here,
DIW1i3, = V(ky — k3)* Watr[W3 W]

+ V(ky — k3)V (k3 — kg) WaW3 W2, (B39)
resulting from the first two terms in Eq. (B37). Note the
sign change compared to the fermionic case (see Eq. (62) in
Ref. [12]). The remaining four terms all leads to a diagram with
a zero momentum transfer and summing up their contribution
yields
Zw'Y =

= V(O){W,, RIW],} u[R]

+ R[W1, Wy R[W], + V(0)*> Wy tr[ R]tr[R).
(B40)

b. (LI') term

By similar arguments, or taking the adjoint of the (1/,1)
term, one arrives at

t
/ ds (ar(ks,5)" P © dy(ks,s)")
0

1 ,
= 8(ky — ks) EZZ (£, 2w Vg

t 52
480k — ks) f ds; / ds, f dkrss 5(6)
0 0 (Td)3

x e DIW asag), (B41)
where Z[W]'"" = (Z(W]{""y = ZIW]"" and
DWWl = V(ky — k3)* Watr[ W3 W5 ]
+ Vky — k3)V (ks — ks) WaWsW,,  (B42)

such that it hold D[W3,, = D[W ]»34 by interchanging k, <
k4 for the second term.

c. (2,0) term

The (2,0) term is given by the following expression:

/ ds (ackr,s)"® © ag(ks,s)®)

/ dSz/ dsy (A [e @2
0

A [e 5 q* a a*],a, arl(ky) © ag(ks))

t 52 .
+/ ds, / dsy (A[e 9452 g*
0 0

Al 1 a,a%,al.af (k1) © ay(ks)

/ ng/ dS1 .A [e—zwm“z a* ,a,

A, Jei@ens g* q af11k1) © ag(ks)). (B43)

PHYSICAL REVIEW B 89, 134311 (2014)

To evaluate the contribution of the parings to the first term in
Eq. (B43), we use

((atke)* - a(kn)) (a(ks)* - a(ks))(as(ks)* @ ay(ks)))
= Y foelan (ko) ap, (k7)ay, (ks)*

O, T, k1, L2

X ay, (k3)aq (ks)* ar (ks))

8(ky — k)8 (ks — k3)8(ks — ks) (£, Wy W, tr[W3]g)
+ 8(ke — k3)8(ks — k)8(ky — k) (f, WaW3 W, g)

+ zero momentum transfer diagrams. (B44)

The contributions of the second term in Eq. (B43) are
((atka)* - alke)) (alks)* - a(ks)) (ar(ks)* @ ag(ks)))
= Y foglan ko) au, (ke)ay, (ks)*

O, T, 11, 42
X a1, (kg)ag (k) a (ks))
= (ks — ka)3(ky — k)S(ks — ko) (F, WaW,tr[ W, ]g)

+8(ky — ks)8(k7 — k)S(ke

+ zero momentum transfer diagrams,

— ky) (f, WaWL W, g)

(B45)

and the contributions of the third term (B43) are given by
((atka)* - a(ks)) (atke)* - alky))(ar(ks)* © ag(ks)))

= Y fogelan, (k) au, (ks)ay, (ke)*

O, T, 1,42
X ay, (k7)aq (ks)* a. (ks))
= 8(ks — k)8(ks — k)8 (ko — k7) (f, Witr[ W3 W1 ]g)

+8(ky — k7)8(ke — k)S(k3

+ zero momentum transfer diagrams.

— kg) (f, WsWL Wy g)
(B46)

Again, signs have changed as compared to the fermionic case.
With the definitions

BIWTyy = Vika — k3)V (ks — kg)

x (WaWo Wy — WaWs Wy — W3 WL W)
+ V(ka — k3)2(Wa W tr[Wa]
— Wy Witt[W3] — Witr[ W3 W3]) (B47)
and
ZIWIEY = —V(0)* Wi tr[R1e[R] — R[W1; RIW], W,
—V(0) RIW1; Wy t[R] — V(0) RIW1; Wy t[R],
(B48)
we obtain

t
/ ds (30,1 © ag(ks, 1))
0

1
=8(k; — ks)zz2 (£, 2w1%g)

t S1
18kt — ks) f ds, / ds; f ks 5(6)
0 0 (T)3
x e~ mINE BIWT,, g). (B49)
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d. (0,2) term

Analogous to the (2,0) term, one arrives at
t
/ ds (ap(k1,)*” © ag(ks,s)?)
0

1
= 8(ky — ks) Etz (f, ZIW]1Pg)

t 52
+68(ky —ks)/ dSz/ dSl/ d*ko3a (k)
0 0 (T4ys

x TS BIW] 13 g) - (B50)
3. Thelimit A — 0,7 = OL~?)
To summarize all second-order diagrams, we define
A[W1i234 = D[Wlaa + B[Wli234, (B51)
A[W]sz = D[W]§34 + B[W]T234’ (B52)

and using the identity
—[R[W]i, [RIW]1, Wil]
= ZwI" + 2wl + Z2w1P0 + 2w,
(B53)
one finds that
t d 2
[ s 5 Dtk © ayths,0) )

m=0

1
= —d8(ky — ks) Etz (f, [RIW ]y, [R[W], Willg)

t 51
+6(ky —ks)/ dSl/ dszf dkaz4 5(k)
0 0 (Tey

« eiw|234(xz—‘vl)(f’ A[W1i234 g)

t S1
8Kk — ks) / ds, / ds, / dkssa 5(K)
0 0 (T4y3

x e~ TINE AW,y 8). (B54)
Hence the second-order term W is given by
WO(ky,t) = W2ky 1) + WP (ky 1), (B55)
where
W2 (ky,t) = =12 [RIW]1, [RIW]1, W1]] (B56)

and

W (ki 1)
t 5 A
=/ dSl/ dSz/ dkazg 8(k)(e" 412 ATW ] 234
0 0 (T4y3

+ e—iw1234(S1—sz)A[W]TZM)' (B57)

The collision operator is determined by taking at second order
the limit A — 0 and simultaneous long times A=t with ¢ of
order 1. More explicitly,

tCIWOIk) = m 22 WDk, 1720, (B58)

PHYSICAL REVIEW B 89, 134311 (2014)

where W is defined in Eq. (B57). To evaluate the limit, we
make use of

272t 1 )
lim A2 ds, ds, eTiorui—s)
A—0 0 0

o0 . 1
= f/ ds e:ttw|234s =1 (:bl P( ) + 8(6()]234)),
0 w1234

(B59)

where P denotes the principal value. This yields

lim AW 1)

=tm fT dkyza 8(k) 8(wr123a)(E, (A[W 11234 + A[W11534)8)
( d)}

+ilf dk2345(]£)P< ! )
(T3 w1234
x (f, (A[Wli2z4 — AlW]{p3,)2)-

(B60)

We note that in case W, (k) = 6, W, (k) the term containing
the principal part vanishes. The effective Hamiltonian results
from the (2n 4 1)-fold degeneracy of the unperturbed H.

APPENDIX C: BOSONIC CORRELATIONS

1. Two-point function

LetH = )", ;.7 Hu aja; be the second quantization of the

one-particle matrix H. It is assumed that e is trace class
and det(1 + ') # 0. We use the identities

eiHa;keH = Za;‘(e*H)j,-, e Hae = Z(eH)ijaj. (ChH

JEZ jezZ

Then

= —tr[(e_H)nie_Haja:]

—-H 1 —H *
= Z(e )niftr[e ajay]

—-H 1 —H *
= Z(e Ini Etr[e (8,1]‘ + anaj)]
=)+ (aa;) e (€2)
with the partition function Z = tr[e~"]. Rearranging gives

> ap(1 — e Myiay) = (7).

neZ

(€3)

Finally, multiplying this expression by (1 —e~#)7!);, and
summing over the i variable, we obtain

(@ha;) = (" = 17" (C4)

jm’
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2. Expansion as permanent

We prove recursively that
(afaj, ---aaj,) = perm[K (ix. j)]i<k.i<n- (C5)

where
(a?;a_,-,) if k <1,

K ig. ji) =
G =V aar) itk > 1.

(Co)

For n =1, the formula holds by definition. Suppose the
formula (C5) has been established for some #, i.e.,

<ai*]ajl B 'a;t.ajn)
(aia;) lajap) - (a}a;,)
e ) i) |
(ajar) lajaf) (ata,)

We will need one more expression for (- --) such that in the
first k pairs the annihilation operator precedes the creation
operator,

(aja ---ajaia; aj,, ---afa;,)
i (a;ail> (a;k]ajk> (a;ajm-l) t <ai*laj,,> ]
= perm (ajka;k]> (ajka;) (a;ajku) (a;aj,,>
(ajk+1a;ﬁ> <a.fk+la?;<> <a7k+|a.fk+l> T <ait+.ajn>
| {aj,a5) (ajat) (ajai. ) - (afaj) |
(CY)

Let us prove this formula. For k = 0, it agrees with (C7).
Suppose it to be true for some k. Let us then prove that the
formula (C8) holds for k + 1,

* * * *
(ajl aj o Qe Gy 5 A rn 'ai,lajn>
— . * .« .. . * * . ... * .
= <a11ai1 A Ay gy " Gy, ah)

* % *
Ty Ay LA, 4, ajn>- (C9)

+ 8ik+1 s Jkt1 <aj1 ai*]
Using the expression (C8) and considering the expansion of
the permanent in the (k + D™ column (or row), it is easy to
see that (C9) corresponds to the expression (C8) but with the
diagonal term a;  a;,,, replaced by a;,,a; . Therefore (C8)

holds for k + 1, too. .

PHYSICAL REVIEW B 89, 134311 (2014)

Now we prove (C7) for n + 1 by using (C7) for n and (CS8)
fornand k < n,

* *

(aqajl T ain+la.in+1)
= ltr[e_Ha*a' cea’ oa; ]
- Z q i1 nt1

1
—H —H * *
Z E(e )mqtr[e aj -+ ai,,ﬂajnﬂam]
nez

—-H * *
= } (6 )mq(amajl T ain+1ajn+l>
meZ

n+1

—H * * % *
+ § :(e )qu<aj1 Aiy = Qj, G Gi(Gjpy e ai,,+,“jn+1>
p=2

—H * *
+(e )jlq(aizafz o 'ai,l+lajn+l>'

We take the term with the sum over m € Z together
with the first one and multiply the whole expression by
> gz = e )1y, to obtain

* *
<ai1ajl T ai,,+1a./'n+1>

= (a;k] ajy )(ai*zafz o 'a;:z+lajn+l>
n+1

* * * % *
+ z :<ai1ajp>(ajl iy jpa @, Gi By ain+1ajﬂ+l)'
p=2

(C10)

Using (C7) and (C8) for n terms, we see that this last expression
is nothing else than the expansion with respect to the first row
of (C7) with n substituted by n + 1.

APPENDIX D: INITIAL WIGNER STATE W(k,0)

The initial Wigner state W(k,0) used in the simulations
(Fig. 1) has entries

Wiy (k,0) = 2T (1 + 5 cos (4 (k + §))) + 1. (D1)
Woo(k,0) = 2 erf(cos (2 (k + 1))) + 1

+ Zatan(sin (27 (k+ 1) — 1)) + 57, (D2)
Wy (k,0) = 35 e sOnEF5=7) (D3)
Wio(k,0) = 2 sin (27 (k + 1)), (D4)
W, (k,0) = — i cos (67 (k — 55)). (D5)
Wo, (k,0) = 2 sin(e "/ *+1/9)), (D6)

and the remaining off-diagonal entries are respective complex
conjugates since W (k,0) is Hermitian.
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