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We predict a generic signature of quantum interference in many-body bosonic systems resulting in a
coherent enhancement of the average return probability in Fock space. This enhancement is robust with
respect to variations of external parameters even though it represents a dynamical manifestation of the

delicate superposition principle in Fock space. It is a genuine quantum many-body effect that lies beyond
the reach of any mean-field approach. Using a semiclassical approach based on interfering paths in
Fock space, we calculate the magnitude of the backscattering peak and its dependence on gauge fields
that break time-reversal invariance. We confirm our predictions by comparing them to exact quantum
evolution probabilities in Bose-Hubbard models, and discuss their relevance in the context of many-body

thermalization.
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The existence of a superposition principle for quantum
states is a cornerstone in our picture of the physical world,
with observable implications in the form of coherent
phenomena that have been experimentally demonstrated
with impressive precision during the last century [1-3].
Within the context of linear wave equations, quantum super-
position effects represent particular cases of the general
phenomenon of wave coherence. For quantum systems
described by the single-particle Schrodinger equation, this
analogy between quantum and classical waves was exp-
loited to demonstrate coherent quantum effects, such as
Anderson localization in disordered metals [4] or coherent
backscattering (CBS) [5], by using classical (in particular
electromagnetic) wave analogues [6—8].

In the quantum description of many-body systems, such an
analogy between quantum dynamics and classical wave
phenomena does not hold. Within a first-quantized approach,
the quantum mechanical description of a system of N
interacting particles in D dimensions requires us to extend
the space in which the Schrodinger field w (7, ..., 7y, 1) is
defined to N D dimensions. We can still identify the quantum
superposition principle with the linearity of the many-body
Schrodinger equation, but the latter does no longer describes
a classical wave in real D-dimensional space: many-body
quantum interference is a high-dimensional phenomenon.

This observation remains true even if we adopt a real-
space description in terms of the quantum field (7, 7).
Indeed, (7, t) is an operator instead of a complex amplitude
and does not represent a quantum state. Nevertheless,
quantum fields are a suitable starting point to implement
approximations to the full many-body problem in terms of
classical wave equations for single particles, which effec-
tively amounts to the substitution (7, 1) — w(7, 1) at the
level of the Heisenberg equations of motion for i (7, ¢). This
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approach leads to the mean-field Gross-Pitaevskii equation
(GPE) [9] and also to the truncated Wigner method [10—13]
with its quantum (Wigner-Moyal) corrections [14]. Since
the GPE is a classical field equation, its nonlinearity does not
pose a conflict with the linearity of quantum evolution. For
the same reasons, however, the w(?, t) field cannot represent
a quantum state and its physical meaning requires further
interpretation as a condensate fraction or order parameter.
In particular, interference effects resulting from the (weakly
nonlinear) GPE are not a consequence of many-body inter-
ference; they are classical wave effects proper of a classical
field equation and are generically suppressed already for
small interactions [15—18].

In this Letter we report a semiclassical description of
the quantum mechanism responsible for many-body inter-
ference phenomena in interacting bosonic systems, which
is schematically illustrated in Fig. 1. Our approach is based
on coherent sums over multiple solutions of the GPE in
occupation number space. It predicts quantum coherence
effects that are in quantitative agreement with numerical
simulations of Bose-Hubbard models describing cold
atoms in optical lattices.

Since many-body interference is most visible in genuine
many-body observables (i.e., which cannot be written as exp-
ectation values of single-particle operators), we will study, as
a representative example, the microscopic evolution proba-
bility from one many-body state to another one. Following
standard techniques [19], we introduce a discrete and ortho-
gonal but otherwise arbitrary set of L single-particle states
(“orbitals™) yq,...,xyr. The associated set of commuting
bosonic occupation number operators 71, has common (Fock)
eigenstates |n) = |n,...,n;) and integer eigenvalues n,
denoting the number of particles in each orbital y,. The
transition probability between Fock states at time ¢ reads then
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FIG. 1 (color online). Illustration of coherent backscattering in
Fock space. A many-body system, represented here by a Bose-
Hubbard chain with L = 5 sites and N = 6 particles, is prepared
in a well-defined initial Fock state n)) = (n(ll>, n(L')) (upper
part). After a given evolution time ¢, the final populations are
found to be n(") (lower parts). A solution y of the Gross-Pitaevskii
equation joining n') with n(") contributes with an amplitude
K, = AyeiRr to this process, where R, is a classical action. Under
averaging, only pairs of identical Fock space trajectories yield
a systematically nonvamshlng contribution to the probablhty
P =13 K,[> when n® % n (left column). For n® @ (right
column), however, constructive interference addltlonally arises
if trajectories are paired with their time-reversed counterparts
(dot-dashed green line). This gives rise to a coherent enhance-
ment of the probability to detect the system in the initial Fock
state after the evolution, as compared to other states with
comparable distributions of the population.

P n®, 1) = |(n®|0(1)n®)?, (M
with U(f) = exp(—iHt/h) and the general many-body
Hamiltonian exhibiting two-body interaction
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which is expressed in terms of the ladder operators ,(a)

that annihilate (create) a particle in the orbital y, (with
Ny, = &L&(,). We shall later on refer to the more specific case
of the Bose-Hubbard (BH) model
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which describes, e.g., cold atoms in optical lattices.

Our calculation (see the Supplemental Material [20] for
details) is based on an asymptotic expansion of the many-
body propagator,

k<(m® n® 1) = nO|F(r)|n0), 4)
which is formally valid for ng,' ) > 1. To this end, we have
to consider all solutions (indexed by y)

w(s) =p® (s;n® 00, 1) =" (s), ...y (s)] )

of the mean-field GPE
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that instead of initial conditions satisfy the bllateral

boundary (or shootmg) conditions |y, (0)[> = nd 41 /2

and |y, (1)]* = + 1/2 and have argy,_,(0) = 0 (see

the Supplemental Material [20]). In terms of those solutions

w1 (s), the semiclassical propagator is then expressed as

K*(n® n® 1) =3 A0 exp[iR® + izd) /4], (7)
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where, for each solution, the semiclassical amplitude
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is given by the (dimensionless) classical action
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the classical (mean-field) Hamiltonian. The index ®@)
counts the number of conjugate points along the trajec-
tory y. As indicated by det, the derivatives in Eq. (8) are
to be taken with respect to ng f, . (Ll/ £ with n(l/ £
being fixed by the total number of particles (see the
Supplemental Material [20]).

The heuristic use of H(y) as the classical limit in
bosonic systems has a long history [21] and lies behind
most studies of the quantum-classical correspondence in
Bose-Hubbard models [12-14,22]. However, a rigorous
approach in which a semiclassical propagator is constructed
by a stationary phase analysis of the exact path-integral
representation of U(7) in the spirit of the van Vleck—
Gutzwiller approach for first-quantized systems [23] was
missing in previous studies. Importantly, our propagator
K*¢ is valid also if the classical limit is nonintegrable, thus
going beyond the successful WKB method of Refs. [24,25]
for L =2 and the Einstein-Brillouin-Keller approach of
Ref. [22] for L = 3. Contrary to previous classical and
quasiclassical approaches (including the standard imple-
mentations of the truncated Wigner method [10-13]), the
classical information appears in Eq. (7) in terms of a
boundary value problem generally exhibiting many solu-
tions, which make interference explicit, instead of an initial
value problem with a unique solution.

Substituting Egs. (4) and (7) into Eq. (1) yields

Pin0n0.0 = SAPA )
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From the typical scaling R") — R") « N of the action
differences, the contributions to the double sum in Eq. (11)
contain an exponentially increasing number of highly
oscillatory terms that tend to cancel each other.
Averaging, e.g., over a disorder potential that is contained
in the matrix elements /g, then suppresses quasirandom
contributions from pairs of longer, unrelated paths y # ¥’
and selects contributions from those pairs of classical
solutions that generically exhibit action quasidegeneracies:
R") — R) ~ 0. The first nonvanishing contribution to the
average transition probability (denoted by a bar, as is any
other averaged expression) is then given by the incoherent
(y = 7)) part of the double sum,

Pel( Z |A
. /2”@ [
N 0 2r 0 2r

xH&[na 2~ n.0.0P].

a=2

(12)

where y(n, 8, ¢) is the unique solution of the GPE (6)
with initial conditions satisfying |1//((,)|2 +1/2 and
argl//y =40, with ,_, =0 [26]. Equatlon (12) is the
averaged transition probability obtained using the classical
truncated Wigner method [27].

Having identified P! as the classical probability, any
other robust contribution to P is necessarily a signature of
many-body quantum interference. As shown schematically
in Fig. 1, having exact and generic action degeneracies for
y # ¢ requires the presence of time-reversal invariance
(TRI), which means that for each solution y")(s) of the
GPE one can find suitable phases w, such that its time-
reversal partner y!77)(s) with

w7 (50, 00, 1) = ey (1 — s;n®, 0@, )] (13)

is also a solution of the GPE but with the initial and final
conditions interchanged. In that case, it follows from Eq. (9)
that y and 7y have the same classical actions and semi-
classical amplitudes. Obviously, as the trajectories 7,7 inthe
double sum (11) refer to a specific n{i and a spemﬁc nf), a
pairing ¥’ = Ty is only possible if n) = n(® [28]. Frnally,
to allow for long-path contributions such that generically
y # Ty the evolution time has to be considerably larger
than the hopping time scale = = #/J, which corresponds to
the inverse Rabi frequency between adjacent sites (see the
Supplemental Material [20]). For ¢ < 7, trajectories describ-
ing a pure phase evolution of the complex classical on-site
amplitudes without altering the individual site populations
dominantly contribute to K*(n,n, 7). Those trajectories
are, in the population space, obviously identical with their

time-reversed counterpart, i.e., self-retracting, and hence
no partner y’ with y/ = Ty # y exists.
We therefore obtain

_ ; ]_)Cl n(f)’nm’[
P~ { (1 —(Fé)l_’d(n(f)),n

ift<t
W.1) ifr>>7 (14
with 6 = 6,1 o in the presence of TRI and 0 otherwise.
Equation (14) reflects CBS in Fock space, i.e., a coherent
enhancement of the averaged quantum probability of return
in Fock space over the classical value due to quantum
many-body interference. Resulting from phase cancella-
tions among oscillatory functions, this enhancement is non-
perturbative in the effective Planck constant fi.g ~ N7'.
It can be regarded as a many-body generalization of the
single-particle weak localization effect in quantum trans-
port [5], which is also of subleading order compared to the
classical contribution.

To confirm our result, Eq. (14), we performed extensive
numerical calculations for the BH model defined in Eq. (3)
for chain and ring topologies. We defined our ensemble
average through independent variations of the on-site
energies €,, which are randomly selected from the interval
0 < €, < W. Taking advantage of the literature concerned
with classical equilibration and chaos for this kind of
Hamiltonian [29-31], we fixed the numerical values of the
free parameters U/J and W /J such that the classical phase
space has a dominant chaotic component. The quantum
transition probability P(n"), n), 7), which corresponds to
the expectation value of the many-body projector onto the
Fock state n(f), is then computed with a Runge-Kutta
solver, using the exact quantum propagation of the initial
state in full Fock space, followed by the disorder average
over the on-site energies. The classical probability
P (n® n® f), on the other hand, is directly computed
from Eq. (12) where for a given random choice of the on-
site energies, w(n, 0, ) is determined by the numerical
solution of the L-dimensional GPE.

In Fig. 2 we show the time dependence of P and P! as a
function of n(Y for the BH model (3) with L =5, N = 14,
and a chain topology (i.e., the site 1 is not connected to the
site L by a single hopping matrix element) starting from a
generically chosen initial state n() = (3,2,3,2,4). After the
transient initial regime in which quantum and classical results
resemble each other, the quantum transition probabilities
clearly display, for t 2 57, a stationary CBS peak at the initial
state n) on top of a roughly constant background, in quan-
titative agreement with Eq. (14). This peak is not reproduced
by the classical probabilities ruling out short-time effects
or self-trapping due to rare realizations of the random on-site
energies as alternative origins of the enhancement.

Figure 3 shows the CBS peak at t = 107 for a BH ring
(see inset) with L = 6 sites (in which a hopping matrix
element connects the site 1 to the site L) in the presence of
nonvanishing hopping phases ¢ [see Eq. (3)], which break
TRI. We clearly see the suppression of the CBS peak in the
absence of TRI at ¢ = z/8 and n/4. For ¢p = /2, on the

140403-3



PRL 112, 140403 (2014)

PHYSICAL REVIEW LETTERS

week ending
11 APRIL 2014

0.02 f‘(a‘) FT T T T T T T T TTT $ FT T T T T T T T T T \i
0.01, —
2700200999990%0 9000009000 %004
0_025\(]3\) FT T T T T T T T TTT FT T T T T T T T T T \i
0.01- ¢ ¢ —
2 229000790000000 $707000000%000
= 0_027\ FTT T T T T T T TTT I FrTTrTrTT 1T T 1T T T]
) L (c) ]
_g 0.01 + —
S 220000999090900207¢%000000000%009
o 0.027\ T T T T T T T TTTTd T T T T T T T T T T]
0011(d) ]
T 2200009990900 9907990%000099%00¢
0.027\ FrT T T T T T T TTTTd T T T T T T T T T T]
0011(6) .
T 220030090090992070%0%000300%09%
0.027\ FT T T T T T T T T TTd FTT T T T T T T T T T T
0011(0 ]
T 22009209090¢909012%9%00¢0090900¢%
FooFesggangaresdnazdagagaganoq
gaaddeadydeddandygadyddangnads
(\INNNNc\l(\lNNNNNm.mmmmmmmmmmmvvvwvv

FIG. 2 (color online). Average quantum (black diamonds) and
classical (red crosses) evolution probabilities in Fock space for
a Bose-Hubbard chain (L = 5, N = 14), at different evolution
times r/7 = 1.5(a), 2.5(b), 5(c), 10(d), 20(e), 50(f) with
7= f/J. The average was performed over an ensemble of 10°
realizations of on-site energies ¢, € [0, 10J], with interaction
strength U = 4J. The probabilities are displayed for the set of
Fock states n(!) having the same total interaction energy as
n() = (3,2,3,2,4) (marked by the vertical dashed line). While
quantum-classical correspondence holds for ¢~ 7, quantum
interference sets in and stabilizes for # 2 47 (see the Supplemental
Material [20]) yielding, in accordance with Eq. (14), a systematic
enhancement of the quantum backscattering probability to
n® = n® by about a factor 2 as compared to other final states
n® £ n® and to its classical prediction.

other hand, TRI is again established using w, = az in
Eq. (13) and the CBS peak reappears.

Experimentally, CBS in many-body space could possibly
be observed with ultracold bosonic atoms. The specific ring
geometry of Fig. 3 could be realized in hexagonal (gra-
phene) optical lattices [32]. A tightly focused red-detuned
laser beam could be used in order to isolate an individual
hexagon from the lattice. Displacing the focus of the laser
beam with respect to the geometric center of this hexagon
would allow one to load this ring in a nonuniform manner,
i.e., such that the atomic populations differ from site to site.
While the ring is initially to be loaded in the deep Mott
insulator regime, in which intersite hopping along the ring
is negligibly small, a sudden increase of the hopping
strength at time ¢+ = 0 will make the atoms propagate along
the ring. At a given final propagation time, the system
would have to be quenched back to the Mott regime and
the atomic populations on the individual sites would have
to be measured using, e.g., high-resolution imaging tech-
niques [33]. Optical disorder [34] can be used to randomly
vary the on-site energies in a controlled manner, and an
artificial gauge field [35] could be induced in order to break
TRI. The lower panel of Fig. 3 displays the numerically
computed Fock state probabilities on such a ring for the
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FIG. 3 (color online). Evolution probability P(n'f),n®,¢) in
Fock space averaged over random on-site energies ¢, € [0, W] for
a Bose-Hubbard ring of L = 6 sites (see inset). We show results
for evolution times ¢ = 10z, hopping phases ¢ =0, n/8, n/4,
/2 (black diamonds, red upper triangles, green lower triangles,
blue squares), and initial states nl! indicated by a vertical line.
In (a) we have N = 17 particles, with interaction strength U = 4J
and W = 10J. The lower (more “quantum”) panel (b) has N = 7,
U = J,and W = 2J. In both cases, the breaking of time-reversal
invariance for ¢p = x/8, /4 destroys the coherent enhancement
of the backscattering probability to the initial state. In the
semiclassical regime (a) the evolution probabilities globally
agree with the classical prediction for ¢» = 0 (red crosses), while
they significantly exceed the latter in the quantum regime (b).

initial state n) = (1,1,2,2,1,0) [36]. It clearly displays
the CBS enhancement despite the fact that this initial state
is far from semiclassical (N/L = 1).

Our results represent a further step in the active field of
thermalization in closed many-body systems [29,37-40].
Indeed, Eq. (14) shows that in equilibrium, even in the
semiclassical limit and when the classical system displays
full ergodicity, many-body quantum interference generi-
cally inhibits quantum ergodicity in equilibrium, i.e.,

p(n(f),n(i), > teq) # 1/Naces (15)

where A ye = N e (n1)) is the number of final Fock states
that are energetically accessible to n). This, however, is
not in conflict with signatures of many-body thermalization
at the level of single-particle observables, like the equili-
bration towards uniform occupation numbers [40], as can
be easily seen by calculating the averaged values 7i,(?),
which gives the expected uniform behavior

ig(t,00) = (N/L) + O(1/N yec) (16)

in the regime of classical ergodicity. Clearly, Eq. (14) has a
tiny effect on such single-particle observables and it is
expected that a truncated Wigner approach reproduces
them very well. Genuine many-body observables, on the
contrary, are very sensitive to many-body interference.
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A timely example is the inverse participation ratio

Q=> > {Ein)|* =3, P(n,n,t) for large ¢, which
is a measure of many-body localization quantifying the
uniformity of Fock states in the eigenbasis |E;) of H. For
TRI, a classical calculation significantly underestimates
this degree of many-body localization: Q = 2Q¢.

To summarize, we presented a semiclassical approach in
the van Vleck—Gutzwiller spirit, using sums over interfering
paths that solve a classical mean field equation, which succ-
essfully captures genuine quantum interference in interacting
bosonic systems beyond the transient regime of quantum-
classical correspondence. We used this approach to predict
a clear-cut quantum (and genuinely many-body) effect,
namely the coherent enhancement of the return probability
in Fock space. Our predictions are fully confirmed by
extensive simulations of Bose-Hubbard models with differ-
ent topologies, even in the deep quantum regime where
experimental observation using ultracold atoms is possible.
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