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We formulate a general theory of wave-particle duality for many-body quantum states, which quantifies
how wavelike and particlelike properties balance each other. Much as in the well-understood single-particle
case, which-way information—here, on the level of many-particle paths—Ilends particle character,

while interference—here, due to coherent superpositions of many-particle amplitudes—indicates wavelike
properties. We analyze how many-particle which-way information, continuously tunable by the level
of distinguishability of fermionic or bosonic, identical and possibly interacting particles, constrains

interference contributions to many-particle observables and thus controls the quantum-to-classical
transition in many-particle quantum systems. The versatility of our theoretical framework is illustrated
for Hong-Ou-Mandel-like and Bose-Hubbard-like exemplary settings.
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I. INTRODUCTION

The coexistence of wavelike and particlelike features
in the behavior of quantum objects lies at the very heart
of quantum theory [1] and has been contemplated since
Bohr’s and Finstein’s early debate on the double-slit
experiment [2]. According to Bohr, “evidence obtained
under different experimental conditions cannot be compre-
hended within a single picture but must be regarded as
complementary in the sense that only the totality of the
phenomena exhausts the possible information about the
objects” [2]. Quantitative expressions of this statement in
terms of wave-particle complementarity relations [3—17]
weight which-way information against fringe visibility in
interferometric settings. Confirmed by experimental evi-
dence for ever-larger single quantum objects [18-26], they
consolidate the fundamental status of complementarity on
the single-particle level. Complementarity thus constitutes
a cornerstone of our modern understanding of decoherence
as the consequence of the availability of which-way
information—i.e., of the manifestation of an object’s
particle character—in quantum dynamical processes.
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As the considered object’s size increases, which-way
information is easier to assess, and interference phenomena
therefore become ever more fragile [27], consistently with
our everyday experiences in the macroscopic world.

However, quantum interference is not restricted to single
particles but can also arise in the evolution of ensembles
of identical particles. Such interference is rooted in the
inability to attribute unambiguous evolution paths to each
of the ensemble’s identical constituents, so various many-
particle transition amplitudes from a given input to a well-
defined output state sum up coherently [28-31]. Yet, if the
particles possess additional degrees of freedom (e.g., the
polarization of photons, or the electronic levels of cold
atoms) through which they can be (fully or partially)
distinguished—hereafter, referred to as internal, in contrast
to the external degree of freedom in which interference is
detected—which-way information becomes available on
the level of many-particle transition amplitudes, and their
interference must progressively fade away. Figure 1 illus-
trates how, for more than two particles, many-particle
interference involves ever fewer particles as these become
more distinguishable.

It is thus qualitatively clear that the interference of
indistinguishable particles induces a potentially large
number of interference contributions (possibly on top of
single-particle interference terms) and that the interference
contrast in suitably chosen many-particle observables will
be maximal for strictly indistinguishable particles. This
suggests a many-particle version of wave-particle duality,
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FIG. 1.

(C) @

Three-particle transition amplitudes of (a) indistinguishable (indicated by identical coloring), (b) partially (two different

colors), and (c) fully (three different colors) distinguishable particles. In the fully indistinguishable case, six indistinguishable three-
particle transition amplitudes add coherently to determine the output event’s probability [32]. In the partially distinguishable case, the six
transition amplitudes from diagram (a) fall apart into three mutually distinct pairs of interfering two-particle amplitudes. In the fully
distinguishable case, no—now perfectly distinguishable—transition amplitudes superimpose coherently anymore.

which we formulate here in terms of quantitative
complementarity relations. While the deterioration of
many-particle interference phenomena by particle distin-
guishability is a subject of lively scientific debate [33—46],
such relations have so far been unavailable. Since promi-
sing quantum information schemes such as optical quantum
computation [47,48] or boson sampling [49] exploit the
interference of many noninteracting particles and have been
demonstrated in small-scale experiments [S0-56], we trust
that quantitative complementarity relations will be valuable
for benchmarking quantum computation platforms of
increasing size. Another possible area of application is
defined by experiments with ultracold atoms [57-64],
which additionally feature control over interactions and
offer the possibility to study many-particle interference in
strongly correlated quantum systems. Finally, by analogy
with the discussion of wave-particle duality for single
quantum objects, our results pave the way for a systematic
many-particle decoherence theory, which remains to be
formulated.

Our present contribution is structured as follows: In
Sec. II, we begin with a brief discussion of the single-
particle double-slit experiment and derive two complemen-
tarity relations, one of which was not yet considered in the
literature. Section III then treats systems of many particles.
Our first quantization formalism for many partially
distinguishable particles is presented in Sec. III A. In
Sec. III B, we examine the many-particle state’s properties
in terms of the involved particles’ distinguishability.
Measures of wave and particle character are defined in
Sec. III C, and their interdependence through wave-particle
complementarity is elaborated upon in Sec. III D. Next, in
Sec. 1V, we consider generic many-particle interference
experiments. We discuss changes in the output statistics
when particles are permuted at the input in Sec. IVA. In
Sec. IV B, we derive bounds for the difference between the
output statistics obtained with partially distinguishable and
fully distinguishable or indistinguishable particles. We
establish, in Sec. IV C, visibility measures of many-particle
interference signals that are fundamentally bounded by the
particles’ distinguishability and apply irrespective of the

exact experimental scenario and of the particles’ interaction
strength. The versatility of these visibility measures is
illustrated in Sec. IV D, where we apply our findings to the
Hong-Ou-Mandel experiment and to the Bose-Hubbard
model. Finally, Sec. V concludes the paper. For the sake
of readability, all detailed proofs are deferred to the
Appendixes.

II. DOUBLE-SLIT EXPERIMENT

Before we turn to the case of many particles, we start
with a brief discussion of how wave-particle duality
manifests in the double-slit experiment with a which-path
detector acquiring partial information about the particle’s
path. We follow the approach of Ref. [7] and derive two
wave-particle duality relations. This establishes the basis
for our considerations on wave-particle duality for many-
body quantum states in the subsequent sections.

Let us suppose that a single particle, initially in the pure
state |Py), is incident on a symmetric double slit, with
the slits labeled A and B as illustrated in Fig. 2. Further,
consider a which-path detector initially in a mixed

state pg, = ) _; qj|D(()'j)>(D8i)|, i.e., in a statistical mixture
of states |D(()j )>, with probabilities ¢g; >0, >, q; = 1.

Which-path detector

Screen

Double-slit

FIG. 2. Single-particle double-slit experiment in the presence of
a which-path detector (transparent box). A single particle (blue
ball) passes through a double slit and is detected on a screen. The
amount of information on the particle’s path, obtained by the
which-path detector, determines the visibility of the interference
pattern on the screen.
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Therefore, the common initial density operator of the
particle and detector reads

P = | Po) Po|®ZqJ|D py|. (1)

When the particle passes through the double slit, its state
becomes a balanced superposition of |P,) and |Pg), with
|P,) (resp. |Pg)) corresponding to the particle passing
through slit A (resp. B), and (P4|Pg) = 0. The detector
gains information about the particle’s path by changing its
states |Déj)) to |D/(()) (resp. \Dg)>) if the particle is in state
|P4) (resp. |Pg)), where |D£{)> and |Dg)) are not neces-
sarily orthogonal:

. 1 . .
Py) ® DY) > 5P ® DY) + |Pg) ® |DY)).

Thereby, the particle and detector become entangled, and
their common state (1) then reads

| o
Pra=7 D PP ® D q D) NDRL (2)
J

J.Ke{A,B}

The reduced state of the particle is obtained by taking the
partial trace over the detector subsystem,

pp =Tri(ppa) = Z [PplskPr)S 3)
J.Ke{A.B}
with
Dok =1/2 g, (D¢ D). (4)
J

Consequently, in the basis {|P,),|Pp)} of the particle,
the off-diagonal element [p,],  of the particle’s state is

governed by the overlaps (Dg) |Dg" )> between the different
detector states. The magnitude of this off-diagonal element
also quantifies the fringe visibility V of the interference
pattern accumulated upon repeated particle detection on
the screen,

V=3 [P)lp,IPx)l =|> ;DYDY
FREE

(5)

which we can thus interpret as a measure of the wave
character, with the range 0 <V < 1. Moreover, the vis-
ibility, and thus the wave character, quantifies the entan-
glement between the particle and detector, as apparent by
its relation to the purity of the reduced state of the particle,

V= /2Tr(p3) — 1. (6)

If, instead, we trace out the particle in Eq. (2), we obtain
the reduced detector state

Z Pd’ (7)

Je{A B}

pa=Tr,(ppa) =

with p) = >~ q; IDYY(DY|. The detector thus ends up in a
balanced mixture of p’:} and pf, which corresponds to
detecting the particle in slit A and B, respectively. In turn,
the ability to discriminate these two states via a general
measurement on the detector state is related to the pos-
sibility of tracking the particle and provides a measure of
the particle character.

We therefore need to compare two states p and o, which we
accomplish by use of either their trace distance D(p, o) =
Tr(|p —o])/2 or their (square-root quantum) fidelity

F(p.o) = Tr(\/\/po\/p) [65]. Here, M| = VMM, and
/- denotes the positive square root of a positive-semidefinite
matrix. Both quantities take values between zero and one,
and they obey the Fuchs—van de Graaf inequalities [66]

1=F(p.0) <D(p.0) <\/1-F(p.0).  (8)
If p or o is pure, the lower bound can be made tighter,
1 — F*(p,6) < D(p, o), and if both p and ¢ are pure, the
upper bound saturates [65].

With this in mind, we define two measures:

P, = D(p5.p5) 9)

and

Pr=1\/1=Fpg.p5) (10)

These measures quantify the ability to discriminate the
which-path detector states p/} and p5, and we identify this
ability as a particle character. It immediately follows from
these definitions and Eq. (8) that

P, <Py, (11)

with equality for pure detector states.

Note that, in the literature [6,7,9,10,12—14,16], measures
of the particle character are sometimes denoted by D. Here,
we refer to measures of the particle character by P and
reserve D for many-particle distinguishability measures
defined further below.

While we elaborate on quantum state discrimination in
Sec. III C 2, let us stress that the particle measure P; is
already related to Pyqsp, the maximal success probability
for an ambiguous quantum-state discrimination [67-69]
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between p/) and p&, by Paqsp = (1 + P,)/2. The second
particle measure, P;, can likewise be motivated by state
discrimination since Pyqsp, the maximal success proba-
bility for an unambiguous quantum-state discrimination
[70,71] of pfj and p&, obeys Pyqsp < 1 — F(pf.p%) < P;.

As we prove in Appendix A, both measures P, and P, of
the particle character, together with the measure ) of the
wave character, can be combined to obey wave-particle
duality relations. Specifically, we find

PI+V2<Pr+ V<1, (12)

with both inequalities saturating for pure which-path
detector states. The relation P? + V? <1 was proven in
Refs. [6,7]. However, with the second inequality in
Eq. (12), we identify a tighter wave-particle duality relation
for mixed detector states. Note that, since all the above
measures are normalized, i.e., 0 <V, P,, P, < 1, wave and
particle character are mutually exclusive; i.e., the single
quantum objects under consideration cannot fully display
both properties simultaneously. We stress that we refer to
relations of the form (12) as wave-particle duality relations
if the inequality saturates for pure states since this case is
fully characterized by quantifiers of precisely two com-
plementary properties. Otherwise, the two involved mea-
sures do not necessarily account for the totality of
all observable phenomena, and, on the basis of Boht’s
notion [2] (see the Introduction), we refer to them as
complementarity relations.

III. MANY PARTIALLY DISTINGUISHABLE
PARTICLES

We now proceed to our original findings for the case of
many particles. We first provide a general description of
partially distinguishable particles in first quantization,
where we distinguish between external and internal degrees
of freedom. As we elaborate upon in Sec. IV, the former
evolve dynamically and are resolved by the detection
apparatus, while the latter are fixed during the particles’
evolution and remain unresolved by the detection but can
serve as labels to distinguish the particles. We then inspect
the reduced many-particle density operators obtained by
tracing over the internal or external degrees of freedom
and distill wave-particle duality of many-body quantum
states in the same spirit as for the single-particle double-slit
experiment.

A. Partially distinguishable particles
in first quantization

The first quantization formalism developed in the present
section is equivalent to the usual second quantization
approach but highlights the interdependencies between
internal and external degrees of freedom, which are at
the heart of our understanding of particle distinguishability.

We aim at describing N identical bosons or fermions
that are prepared in an arbitrary state of their internal (/)
degrees of freedom and expanded over n mutually ortho-
gonal external (E) states (or modes). The single-
particle Hilbert space H = Hy @ H; is composed of the
n-dimensional external Hilbert space Hjy spanned by
the orthonormal basis {|1),...,|n)}, tensored with the
m-dimensional internal Hilbert space H; spanned by the
orthonormal basis {|i;),...,|i,)}. Note that, while we
choose to work with finite-dimensional Hilbert spaces,
for simplicity, our formalism allows a straightforward
extension to include continuous degrees of freedom. For
N identical particles, the basis states of H® = HZN @
H?N are then given as N-fold tensor products of single-
particle basis states. An orthonormal basis of the n"-

dimensional external Hilbert space HE" is therefore
composed of the states

E) =) ® ... ® |Ex). (13)

with £; € {1,...,n}. In the literature, the N-tuple Eis
commonly called the mode assignment list [30,72-75].
Analogously, an orthonormal basis of the m"-dimensional
N-particle internal Hilbert space H?N is given by states

) =1Z)) ® ... ® |Z), (14)

where Z; € {iy,....i,}. Note that in Eqs. (13) and (14),
each particle is implicitly given a label corresponding to its
position in the tensor product. This sort of labeling is
characteristic of the first quantization formalism and is
unphysical for identical particles. Therefore, we eliminate it
by (anti)symmetrization later.

With an orthonormal basis of H®V at hand, we can now
describe partially distinguishable particles with an arbitrary
internal state and a fixed particle occupation in the external
modes (the latter is a natural assumption, inspired by a
typical experimental scenario, e.g., in photonic circuitry
[55,56,76-78]). This distribution is specified by the mode
occupation list [30,72-75] R = (R), ..., R,), where R; is
the number of particles in mode j. Since several mode
assignment lists E correspond to a given occupation I_é, we
single out the mode assignment list E=E (ﬁ) with
components listed in nondecreasing order, £; < E, < ...
< Ey. Other external basis states |§’> corresponding to the
same mode occupation R are then obtained by permutation
of the factors of |E) The external state of the particles can
therefore be written in terms of the states

|E7r> = |E7r(l)> ®..0® |E7r(N)>’ (15)

for 7 a permutation in the symmetric group Sy. In short, for
each mode occupation R, there exists a unique basis state
|E) with elements in nondecreasing order, from which we
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obtain all basis states |E‘> associated with R by permuting
the factors of |E).

Regarding the internal degrees of freedom, we impose no
restriction on the N-particle state, which we write as a
general superposition of all internal basis states (14),

Q) =>"cVD). (16)
7

This approach allows us to consider the effects of corre-
lations and mixedness in the internal state (with the index j
used below to label different states in a statistical mixture)
on many-particle interference in the external degree of

freedom. The coefficients C(fj) ultimately determine the
distinguishability of the particles [38,42,79]. The bosonic
(fermionic) state of particles in the external configuration R
with internal state |Q(/)) is then obtained by (anti)symmet-

rization, i.e., by forming the coherent sum over all
permutations (disregarding normalization, for the moment)

U)o > (=1)5 0 [En) ® <Zc<ff>lfn>>, (17)
T

neSy

where we have introduced the permuted internal basis states

Z,) = |Za1)) ® - ® [ L) (18)

The sign factor is given by (—1)% =1 for bosons and
(=1)% = sgn(x) for fermions, respectively. As is apparent
from Eq. (17), the (anti)symmetrization of |¥")) results in
the entanglement of the particles’ external and internal
degrees of freedom, with a strength that depends on the
particles’ internal state. We will elaborate upon this
observation later.

In the case of multiple occupations, i.e., if there is a mode
i such that R; > 2, distinct permutations  # z’ can lead to

the same state |E,) = |E,), which defines an equivalence

-

relation 7~ 7', and we constitute a set £ =X(R) by
choosing one representative in each of the R =
N!/(IT}-; R;!) equivalence classes. Any permutation 7 €
Sy can then be uniquely decomposed as z = &u, with
uE€X and ¢ € Sy, where Sy =S; ® ... ® Sg, denotes
the subgroup of S, which leaves |E> invariant. In group
theoretical terms, X is a transversal of the set of right cosets
of Sz in Sy, also called right transversal of Sz in Sy [80].
Since each permutation ¢ € X corresponds to one of the R
inequivalent ways of ordering the particles, we refer to u as
a particle labeling. The normalized state [¥/)) can thus be
written as a sum over particle labelings

W)y — %Z(—l)’émlfﬁ oo, (19)

HEL

with

90) o« 3 ( S 05 ) (0

I ¢Sy

From Eq. (20), one sees that the coefficients C(fj) must be

(anti)symmetrized over permutations of bosons (fermions)
belonging to the same external mode,

() _ (_1\¢ (/)

¢z = (g Gz
for all £€ S; [note that fé:: (Ig(l),...,Ig(N))]. For
fermions, this enforces Pauli’s exclusion principle [81]:
Fermions in the same mode must be in orthogonal internal
states. Without loss of generality, we choose the C(if) to
already satisfy this symmetry and obey ) - |C(fj)|2 =1,

such that the normalized internal states in Eq. (19) read
oy =S "cP(Z,). (21)
7

Finally, states with mixed internal degrees of freedom can
be expressed as

p =3 a0 (0] (22)
J

where [PU)) from Eq. (19) appears with probability ¢ »
and ), q; = 1.

The state of N fully indistinguishable identical particles
is obtained by assigning the same internal state to each
particle, e.g., |Q) = |i;)®V. Fully distinguishable identical
particles are obtained when all particles are in mutually
orthogonal internal states, such that they can be identified
unambiguously, e.g., if Q) = |i}) ® |i) ® ... ® |iy).

Before we continue, let us consider a brief example,
illustrated in Fig. 3. We consider N = 3 bosons in n modes
with two particles in mode 1 and one particle in mode 2,
suchthat R = (2,1,0.....0), R = NY/([T", R;!) = 3, and

E= (1,1,2). With e the identity permutation and permu-
tations given in cycle notation, we have Sz = {e, (12)},
and we find X = {e, (13),(23)}. Note that for R =
(2,1,0,...,0) and 7 € S3, there are three distinct right
cosets Szzw of Si in S;, Sze = Sz(12) = {e, (12)},
Si(13)=Sz(132)={(13).(132)}, and S3(23) =S;(123) =
{(23),(123)}. The right transversal X is then obtained
by choosing one element of each distinct right coset, e.g.,
Y = {¢, (13),(23)}. With the help of X, we can extract the
subset of external basis states needed in Eq. (19),
{lE)}ex = {I1.1.2),[2,1,1),]1,2, 1)}. In this example,
we consider pure internal states, such that the sum in
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@)=la) N=3
1= O0y l@)=1b) R=(2,1,0,...,0)
2“

\d
3= Clappy =1/V3
* Cloapy = 1/V3
1 e Cz =0 otherwise
FIG. 3. Example of a state of N = 3 partially distinguishable

particles with mode occupation list R = (2,1,0,...,0) and,

correspondingly, mode assignment list E= (1,1,2). External
states are depicted by black arrows, particles by colored balls, and
internal states by the balls’ coloring, with the yellow envelope
illustrating correlations between the particles. Particle distin-
guishability is determined by the listed coefficients Cz.

Eq. (22) consists of just one term and the index j is
dropped. Moreover, the single-particle internal Hilbert
space is assumed to be of dimension m = 2 and spanned
by the basis {|a), |p)}. We consider the correlated internal
state defined by the choice of coefficients C(, 44 =

Clapp) = Cpab) = 1/4/3, and Cz = 0 otherwise. These
coefficients satisfy the required symmetry Cf5 = C3 forall
£€S; =505, ®S)® ... ={e.(12)}, where permu-
tations & € S; only permute particles in the same mode.
The internal state (16) then reads

2) = —=(

a,a,ay +

a,b,b)y +

b,a,b)). (23)

The symmetrized pure state (19) is obtained by combining
the external states |Eﬂ> and the internal states |Q,) for all
particle labelings y € Z,

1
%) =3[11.1.2) ® (|la. a.a) +|a, b, b) +

+12,1,1) ® (la,a,a) + |b,b,a) + |b,a, b))
+11,2,1) ® (|a,a,a) + |a, b, b) + |b, b, a))],

b,a, b))

where the term in the first, second, and third row corre-
sponds to u = ¢, u = (13) and u = (23), respectively. One
can easily verify that this state is symmetric under the
exchange of any two particles, as required for a state of
many bosons.

B. Reduced external and internal states

We now consider the reduced external and internal states
of systems of partially distinguishable particles, to reveal
the connection to the single-particle case described in
Sec. II. First, let us rewrite the state (22) in the same form
as Eq. (2), with the help of Eq. (19):

1 P o
P=R Z (=Dlp(p) | E)(E.| ® Zq,lflﬁj))(Qﬁ”l. (24)
J

HLVED

In general, the (anti)symmetrized state (24) shows entan-
glement between external and internal degrees of freedom.
As we show below, this entanglement can be used to
characterize the distinguishability of the particles [46] and
to quantify the many-particle wave character.

We first consider the reduced external state obtained by
tracing out the internal state space in Eq. (24),

pe="Tr(p) = Z [pE]y,y|Eﬂ><Ev

HVEL

, (25)

with elements
w1 OING
el = (Vi 5 e, @108))  (26)
J

[compare with Egs. (3) and (4)]. In the basis {|§‘> }z» the off-
diagonal elements of pp are thus determined by particle
distinguishability via the overlaps (QY'|Q\) for different
particle labelings u # v. Note that in Refs. [36,38,42],
particle distinguishability is described by the so-called
J-matrix, which, in our formalism, has elements J,, =

Rlpel,, =22, qj<9£])|§2,(/)>. On the other hand, for the
description of particles in an internal product state,
Ref. [37] introduced the distinguishability matrix S.
In this case, we have (Q,[Q,) = [TV; S, () (see also
Ref. [82]).

In the case of distinguishable particles (D), each
particle is in a distinct orthogonal internal state, and these
overlaps vanish. As a result, the reduced external state is
maximally mixed,

oR =% S IEN @7)

HEZ

On the other hand, perfectly indistinguishable bosons
(fermions) share the same pure internal state, such that
<Q,(,’)|Q£,’>) =1, for all j and u,v € X. Therefore, the
external state is pure and given by

ﬂgm = |1//B(F)><‘//B(F)|» (28)
with
1 -
= — 1), |E). 29
|lI/B(F)> \/I_eﬂezz( )B(F)| u> ( )

The coherences (off-diagonal elements) of the reduced
external state (25) thus reflect the indistinguishability of the
particles. As we show in Eq. (44) in Sec. IV below, these

031041-6



WAVE-PARTICLE DUALITY OF MANY-BODY QUANTUM STATES

PHYS. REV. X 11, 031041 (2021)

coherences are at the origin of many-particle interference in
the external degrees of freedom and are therefore con-
stitutive of the particles” wave character. On a related note,
the purity of pg, which, by virtue of Egs. (27) and (28),
quantifies the separability of internal and external degrees
of freedom, is, in turn, a marker of indistinguishability. In
the case of indistinguishable particles, the particles’ internal
and external degrees of freedom are uncorrelated and pg
appears pure. On the other hand, for fully distinguishable
particles, with each particle in a distinct orthogonal internal
state, the particles’ internal and external degrees of freedom
are maximally correlated, and the reduced state p2 is
maximally mixed on its support. We pursue this direction
further in the next section.

Let us now consider the reduced internal state by tracing
over the external state space in Eq. (24):

pr = Trg(p) = %Zp’i : (30)

HEX

The result is a balanced mixture of the internal states

o= gl ). (31)
J

which correspond to different particle labelings i [note the
close analogy with Eq. (7)]. In the case of indistinguishable
particles, the internal states p; are equal for all particle
labelings ¢ € £ and cannot be discriminated. In contrast,
for distinguishable particles and pure internal states, such
that the sum in Eq. (31) reduces to a single term, the states
P can be discriminated with certainty; i.e., pf and p% have
support on orthogonal subspaces for u # v. Therefore,
different particle labelings can be distinguished from each
other. The ability to discriminate different labelings thus
constitutes a particlelike property of the many-body state.
Note, however, that, for mixed internal states, even if every
term in the mixture corresponds to fully distinguishable
particles, perfect discrimination of the labelings might not
be possible.

C. Measures for wave and particle character

In the previous section, we identified the magnitude of
the coherences of the reduced external state (25) with the
many-particle wave character and the ability to discriminate
the internal states (31) with the constituents’ particle
character. Based on these observations, we now define
normalized measures that quantify these attributes.

1. Wave character

A first measure for the wave character of a many-particle
state p is given by the normalized coherence of pg,

1 - -
We = HZ|<Ey|pE|Ey>|' (32)

HLED
HFV

This is simply the sum of absolute values of off-diagonal
elements of pg, normalized such that 0 < W, < 1, with
We = 0 for distinguishable and W, = 1 for indistinguish-
able particles [compare to Eq. (5)].

Above, we have pointed out that particle distinguish-
ability is rooted in entanglement between external and
internal degrees of freedom. The purity Tr(p%) of the
reduced external state quantifies the degree of entanglement
and is the basis for our second measure of the wave
character, the normalized purity

wﬁ%fxm@ﬁ) (33)

which satisfies 0 < Wp < 1, since the purity is bounded by
1/R < Tr(p%) < 1 [compare to Eq. (6)]. Just as for the
previous measure, YWp = 0 corresponds to distinguishable
and Wp = 1 to indistinguishable particles. Note that Wp
was identified [83] as a coherence measure that is rela-
ted to the Frobenius norm (or Hilbert-Schmidt norm)
Dus(pe.pp) = VTr(lpg = pgl?) of pg and pp [see
Egs. (25) and (27)] by Wp = \/R/(R — 1)Dys(pi. pp).
Moreover, a similar measure for many-particle indistin-
guishability was proposed in Ref. [36] [Eq. (52) in
that work].

As we show in Appendix B, like W, the normalized
purity Wp can be expressed in terms of a sum over the
off-diagonal elements of p. In particular, W (resp. W) is
related to the Li-norm (resp. L,-norm) of a vector whose
elements are the off-diagonal elements of p. In this regard,
both measures quantify the ability for the state to display
many-particle interference [see Eq. (44) below]. We further
prove in Appendix B that these measures obey the
following inequality:

We < Wp. (34)

It is worth noting that this inequality does not necessarily
saturate for pure internal states. It saturates if and only if all
off-diagonal elements (26) of pr have equal modulus (see
Appendix B for details).

2. Quantum state discrimination and particle character

In Sec. III B, we associated the distinctiveness of the
internal states p4 in Eq. (31) with the many-body state’s
particle character. To quantify this property, we make use of
the concept of quantum state discrimination, which we
briefly introduce in the following.

Given a quantum state drawn from the set {p;, ..., p}
with corresponding a priori probabilities 7y, ..., 7,
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quantum state discrimination aims at quantifying the ability
to discriminate between pq,...,p; via a general mea-
surement. Therefore, one considers positive-operator
valued measures (POVMs) M = {M j}f’:l’ consisting of
positive-semidefinite Hermitian operators, which satisfy
Zf': yM; =1, such that outcome j identifies state p;. In
minimum error or ambiguous quantum state discrimination
(AQSD) [67-69,84,85], the outcome of the measurement
does not necessarily identify the correct state, and one
chooses M such as to maximize the probability of a correct
result, leading to the success probability

k

In unambiguous quantum state discrimination (UQSD)
[69-71,86-88], one demands that output j identifies
state p; with certainty, which is only possible if one
supplements the POVM M with a Hermitian operator
M, corresponding to an inconclusive answer. The success
probability then reads

k
Puygsp = m/\a}lx(l - ; anr(MOpj)). (36)

In general, for both success probabilities Pqsp and Pygsp,
no exact expressions in terms of distances between
p1» ---, i are known. However, various upper bounds were
derived [69,85], some of which we utilize in the following.

We now turn to the quantification of a given many-body
state’s particle character, with the help of quantum state
discrimination. Our aim is to discriminate the internal states
{V)}uex from Eq. (31), with equal a priori probabilities
1/R, by virtue of Eq. (30). For the moment, we consider the
discrimination of these internal states as a formal problem,
which we make more concrete in Sec. IV A below, where
we show its equivalence to the discrimination of common
states (including the particles’ internal and external degrees
of freedom) differing by permutations of the particles.
However, for now, let us concentrate on the discrimination
of the internal states p4 and use the upper bound on the
success probability (35) for AQSD as derived in Ref. [84].
Given our above definitions, this reads

1
Pagsp < 5(1 +Pr).

with the trace-distance-based measure

Pr = ﬁ > D(p].p}). (37)

HLVEL
H#FU

This measure is normalized, 0 < Py < 1, with the lower
bound being reached if all internal states p/ are equal. The
upper bound saturates if all pairs of distinct internal states
oy and pY have orthogonal support. In this regard, the

distance measure (37) quantifies the ability to discriminate
particle labelings and, thus, serves as a measure for the
particle character.

A second quantifier of the many-body state’s particle
character can be motivated by the upper bound on the
success probability for UQSD [see Eq. (36)], derived in
Ref. [71]. For the discrimination of states {p}},cs with
equal a priori probabilities 1/R, we have

PUQSDgl_‘F’ (38)

where the pairwise fidelity measure F is given by

F= lzmon . 69

HVEL
pEY

From Eq. (38), it follows that Pygsp < V1 —F 2, which
motivates the definition of

Pr=V1-F (40)

as a measure for the particle character. Similarly to the case
of Py from Eq. (37), we have 0 < Pp < 1 with Pr =0 if
all internal states pf are equal, and Py = 1 if all pairs of
distinct states p have orthogonal support.

With the help of the Fuchs—van de Graaf inequality (8),
we obtain a relation reminiscent of Eq. (11),

Pr < Pp, (41)

which is proven in Appendix C. Indeed, for R = 2 different
particle labelings (analogous to two mutually exclusive
paths A and B in the single-particle interference scenario
discussed in Sec. II above), P and P coincide with P,
and P, from Egs. (9) and (10). However, while P, = P,
for pure states, in general, Eq. (41) does not saturate for
pure internal states in the case R > 2.

D. Wave-particle duality

So far, for a state of many partially distinguishable
particles, we relate the measures V- and Wp [see Egs. (32)
and (33)] to its many-particle wave character, and Py and
Pr [see Egs. (37) and (40)] to its particle character. These
measures quantify the ability of particles to display many-
particle interference, on the one hand, and the possibility of
individually identifying and tracking them, on the other
hand. Wave-particle duality relations state that both proper-
ties cannot be fully realized in the same state: The amount
of wave character limits the amount of particle character,
and vice versa. For Pr and Wp, this is quantitatively
expressed by

PL+ Wi <1, (42)
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which we prove in Appendix D. This expression constitutes
a wave-particle duality relation since it saturates for pure
internal states. By the hierarchies (34) and (41) (which do
not necessarily saturate for pure internal states), we addi-
tionally find complementarity relations between all combi-
nations of the above-defined wave and particle measures:

Pr+W2 <1, (43)

for P € {Py,Pr} and W € {W¢, Wp}. Interestingly, the
complementarity relation (43) saturates for pure internal
states for the wave measure WWp but not for WW.. While the
former quantifies the correlations between internal and
external degrees of freedom independently of the chosen
basis via their entanglement, the latter measures these
correlations via the coherence of py in the chosen external
basis. Therefore, the entanglement-based measure Wp
seems to have a more fundamental status, while the
coherence-based one VW, might be more suited to describe
measurements performed in a specific basis.

All complementarity relations (43) and their dependence
on the mixedness of the internal state are illustrated via a
numerical example in Fig. 4. We consider N = 3 particles
occupying distinct modes, with external and internal single-
particle Hilbert spaces of dimension n=m =4. We
generate 300 random states of partially distinguishable
particles by mixing [/ =1, 3, 10, or 30 different pure
internal states (21) [see Eq. (22)]. The probabilities g; in
Eq. (22) are randomly chosen according to a uniform
probability distribution in the range g¢; € [0,1] and
normalized such that Z§'=1 q; = 1. Many-particle disti-

nguishability is encoded in the coefficients C(fj)
r(fj) exp(i(p(fj))—which enter through Eq. (21). To fairly
distribute the 300 generated states over all possible
levels of partial distinguishability, for the internal states

of the kth state (with 0 < k <300), we uniformly pick

) e [1-k/300.1] and @Y € [~7k/300.7k/300] for

each 7 and each pure state j. This results in [m" = [4°

different coefficients C;ﬂ,

normalized, such that ) >

which are then appropriately

C<f")|2 = 1foreach j=1,..., L
Note that no symmetrization of the coefficients is required
since we consider at most singly occupied modes.

In Figs. 4(a)-4(h), we plot the squared wave character
quantifiers W% and W3 against the squared particle
character quantifiers P% and P%, for [ = 1, 3, 10, and 30.
Pure internal states (/ = 1) come close to saturating the
upper bound for all complementarity relations (43), as
shown in Figs. 4(a) and 4(e). In particular, the saturation of
Eq. (42) is evident from Fig. 4(a). However, for stronger
mixing of the internal states, i.e., for increasing /, the sum
of the squared quantifiers of complementary many-particle
properties tends to move away from the upper bound
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0.4 0.4

o Wl%
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FIG. 4. Complementarity relations for 300 randomly generated
states of three partially distinguishable particles, with [ referring
to the number of mixed internal states (see main text for details).
Panels (a)-(d) show the wave character measures W% (blue
circles) and W2 (red triangles) plotted against the particle
character quantifier %, while in panels (e)—(h), they are plotted
against P%. In all panels, the solid black line corresponds to the
upper bound according to Eq. (43).

which, by Eq. (41), is stronger for P2 as compared to
Pzp [compare Figs. 4(a)-4(d) with Figs. 4(e)-4(h)]. Note
that while full wave character quantifiers imply vanishing
particle character quantifiers, the converse is not true.
Indeed, mixing of internal states can reduce the particle
character quantifiers [see the discussion below Eq. (31)],
such that states with a low wave character can also have
low particle character. For all sampled states, we find
very similar values for both wave character quantifiers.
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As shown by the zoomed-in views in Fig. 4(f), the differ-
ence between W32 and W2 tends to increase with more
pronounced particle character, which can be traced back to
inhomogeneities in the moduli of the off-diagonal elements
of pg (see Appendix B).

Let us now return to the analogy between many-particle
complementarity as summarized by Eq. (43) and the double-
slit experiment discussed in Sec. II. First of all, the common
state (2) of the particle and detector is structurally very
similar to the many-body state (24) of external and internal
degrees of freedom. In both cases, the weaker the entangle-
ment between the subsystems, the more pronounced the
wave character of the state. This observation has its direct
counterpart in the congruent structure of the wave character
quantifiers in Egs. (6) and (33). Consistently, the wave
character is related to the coherences of the reduced single-
particle state by Eq. (5) and of the reduced many-particle
external state by Eq. (32). The latter, however, leaves room
for a much more subtle quantum-classical transition than the
former because of the many degrees of freedom involved.

Likewise, the particle character is determined by the ability
to discriminate the states (7) of the which-path detectors in the
single-particle case and the many-body internal states (30) in
the case of partially distinguishable particles. To quantify the
particle character, concepts imported from quantum state
discrimination lead to a generalization of Egs. (9) and (10) by
Egs. (37) and (40). This deep analogy then results in the
many-body generalization (43) of the single-particle duality
relation (12). For the sake of clarity, all character measures
and complementarity relations presented in Secs. II and III
are summarized in Table 1.

IV. WAVE-PARTICLE DUALITY IN THE
INTERFERENCE OF MANY PARTICLES

In the previous section, we considered states of partially
distinguishable particles and associated the coherence

TABLE 1. Overview of complementarity relations for the
single-particle double-slit experiment and for states of many
partially distinguishable particles.

Particle Wave Complementarity Saturation for pure
measures measures relations states
Single-particle double slit

Pi+V* <1 Yes
P, <Py V . -

Pr+V-<1 Yes

Many-particle states

Pr+Wi <1 Yes

Pr+We<1 No
Pr<Pr Wc<Wp

Pi4+Wi <1 No

Pi+We <1 No

and the purity of their reduced external states pp
with their wave character, arguing that both properties
give rise to many-particle interference. We now substantiate
this claim by investigating the outcome of interference
experiments performed with partially distinguishable
particles.

The experimental arrangement under consideration is
depicted in Fig. 5 and consists of a generic state (24) of N
partially distinguishable particles distributed over n
modes, which undergoes coherent evolution of its exter-
nal degrees of freedom while the internal state remains
unaffected. We thus consider the evolution of the reduced
external state pp under an arbitrary many-particle unitary
U, chosen from the unitary group U(n"). Note that, since
U acts on many identical particles, it must commute with
all particle permutation operators. Further note that,
in general, U describes an interacting evolution and not
only a unitary mapping of the input modes to the output
modes—thus, the degree of U/ is exponential in the
particle number. After the evolution, the resulting
state UpgU' is measured with the help of a POVM
M = {M;};_,. Similar to U, the operators M; must
commute with all particle permutation operators. In
principle, one could absorb the unitary evolution into
the measurement M; however, for the sake of clarity, we
consider evolution and detection stages separately.

Let us assume that the POVM M = {M j}§:1 has k
distinct outcomes and results in the associated counting
statistics P = {p(j)};_, for partially distinguishable
particles. Here, p(j) = Tr(MUpgU') is the probability
of outcome j € {1, ..., k}, which can be decomposed as

p() = PP() + Y Pl AEUMUIE,).  (44)

HLVEX
HFV

with pP(j) = Tr(M UpPU") the probability in the case
of fully distinguishable particles, and the second term
accounting for many-particle interference as governed
by the coherences (off-diagonal elements) [pg],, from
Eq. (26). Note that, by Eq. (44), the wave character
measures VW and Wp from Egs. (32) and (33) [see also
Eq. (B3)] ultimately dictate the many-particle state’s ability
to interfere.

In the following, we consider distances between such
counting statistics on output. We make use of the classical
analogues of trace distance D(p, o) and quantum fidelity
F(p, o), known, respectively, as the Kolmogorov distance
(or L, distance),

k
D(PAPL) =33 Ipali) = pa)l. (49)
=1

and the Bhattacharyya coefficient (or fidelity),
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k

j=1
which both take values between O and 1 [65,66].
These measures are related to the trace distance and
quantum fidelity by an optimization over all POVMs: If
pa and pp are two states leading to distributions Pj‘w and

P8, then [66]

D(ps.ps) = max D(PA. PRy) (4)
and
F(pa.py) = min F(PA,.P%,). (48)

In analogy to their quantum counterparts [cf. Eq. (8)], these
measures obey the Fuchs—van de Graaf inequality [66]

D(PL. PR) < /1= FX(PY. PR (49)

A. Permutations of the internal states

In Sec. III C 2, we defined the measures Py and Py [see
Egs. (37) and (40)] to quantify the many-body state’s
particle character. These measures are based on the formal
discrimination of different particle labelings y € £ by
comparison of the associated internal states pj from
Eq. (31). We now show that different particle labelings
can equivalently be discriminated by comparing common
states, of external and internal degrees of freedom, that
differ by an initial permutation of the internal states.
Therefore, instead of the unpermuted internal many-par-
ticle states |QU)) from Eq. (16), we consider the internal

states |Q,(<’ >> permuted according to k € X [see Eq. (21)].
While the unpermuted common state p of external and
internal degrees of freedom is given in Eq. (24), the
permuted states read

R HVEL

1 VB E )y QU
=2 > (DRl ENE]® Y gl (50)
7

Here, the subscript xu in |Q,(<f,)> refers to a composition of
permutations, with permutation x and u arising because of
the initially permuted internal states and the symmetriza-
tion of the many-particle state, respectively.

In Appendix E, we prove the equality of the distances,

D(p*, p*) = D(p}, pj), (51)
and of the fidelities,

F(p*.p*) = F(p}.p}): (52)

with p* and pf from Egs. (50) and (31), respectively. Thus,
the discrimination of different particle labelings « can be
performed equally well by comparison of the internal states
p; or of the permuted common states p“. We therefore
investigate how the outcomes of interference experiments
as sketched in Fig. 5 differ for permuted states. This
approach will lead us to classical counterparts of the
measures Py and Pp of the particle character, evaluated
on the output counting statistics, which also obey com-
plementarity relations of the form (43).

Let us denote by p% the reduced external state of the
permuted state, pf = Tr;(p*), and by P, the probability
distribution obtained when p* is used as input in the
experiment depicted in Fig. 5. As we prove in
Appendix F, for two permutations x # 7, the classical
distances between the corresponding output probability
distributions are bounded by the magnitude of the corre-
sponding off-diagonal element of pg,

D(PS. Piy) </ 1= (P Py)

< 1= RIEpelEN. (53)

Thus, for external states pp with large coherences,

(E.|pg|E.)| ~ 1/R, permuted input states lead to similar
output probability distributions.

Given this observation, it is natural to consider all
pairwise differences in the output probability distributions
PKM, Pk #1. We therefore define classical analogues of
Py and Pp from Egs. (37) and (40):

PR PP (9

KIEX
K#T

FIG. 5. General setting of a many-particle interference experi-
ment with a state p of N partially distinguishable particles in n
modes (colored balls covered by a yellow envelope illustrating
correlations in the internal degrees of freedom). The external state
pe evolves according to a many-particle, possibly interacting,
unitary I € U(n") (illustrated in blue) and is measured by a
POVM M with outcomes 1, ...,k (illustrated in red). As a
consequence of wave-particle duality, the visibility of many-
particle interference is bounded by the particles’ degree of
distinguishability.
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and

P = R — > F2(P5,. P, (55)

K,7EX
K#T

with 0 < P, P < 1. Similarly to Egs. (11) and (41),
these measures obey

’@TS'@F’ (56)

and they are bounded from above by their quantum
counterparts,

‘@T < PT and eng < PF' (57)

Equations (56) and (57) are proven in Appendixes G and H,
respectively. In consideration of Eq. (43), the inequalities in
Eq. (57) directly lead to the complementarity relations

PP+Wr <, (58)

for Z € { Py, Pr} and W € {W, Wp}. In contrast to
Eq. (43), these relations use experimental outcomes in the
external degrees of freedom to quantify the particle
character. In the case of indistinguishable particles, the
state remains invariant under permutations of the particle’s
internal degrees of freedom, and thus P’  is the same for all
permutations «, such that &Zr = & =0 [see Egs. (54)
and (55)]. On the other hand, permuting partially distin-
guishable particles in the input can change the output
counting statistics, which then leads to nonvanishing
measures Y and .

B. Partially distinguishable
vs indistinguishable particles

When considering experiments with partially distin-
guishable particles, it is common to compare the output
distribution against the extreme distributions obtained with
fully distinguishable or fully indistinguishable particles. In
this way, one can define generalized visibilities of many-
particle interference. Here, we start by comparing the
output probability distribution P,, to the one obtained
with strictly indistinguishable bosons (fermions) Pﬁ/(tm.
This question was addressed in Ref. [38] in the context
of boson sampling, that is, for noninteracting bosons
and (possibly imperfect) particle-number measurements.
Here, we generalize the result of Ref. [38] to both bosons
and fermions, interacting evolutions, and arbitrary
measurements.

We start by noting that |yp)) from Eq. (29) is an
eigenvector of pp from Eq. (25), with eigenvalue

Ap(F) = FZ(P§<F>,PE)3

PE|WB(F)> = AB(F)|1//B(F)>' (59)
This is proven in Appendix I. As we further show in
Appendix J, Eq. (59) leads to

D(pg" pg) + F (o pg) = 1. (60)

Given the relation (47) between the trace distance and the
Kolmogorov distance, as well as the invariance of the trace
distance under unitary transformations [65], we find

D(PYE Pog) + 2o p) < 1, (61)

with the bound saturating for an optimal measurement (see
Appendix K for details). The difference between the
outcomes of experiments performed with partially distin-
guishable and with indistinguishable particles is thus rather
intuitively constrained by the similarity of the input state to
the state of ideal bosons or fermions, as measured by the

fidelity F? (p§<” , pg)- Furthermore, this fidelity is related to
the coherences of pg, and therefore to the state’s wave
character, through

B(F 1 1 v
F(pp" ) = RTR (=Dair)
'

<Eﬂ|pE|E'v>’ (62)

as can be seen by singling out the terms with g =v
in Eq. (I1) and recognizing the coherences from
Eq. (25). Let us stress that while both measures that
enter Eq. (61) generally vary between zero and unity, in
the case of fully distinguishable particles, with the external
state p2, we have F2(p2") pP)=1/R and, in turn,
D(Pﬁ/(f), PR)<1—1/R. The Kolmogorov distance
therefore does not reach its maximum value for distinguish-
able particles.

Under the assumptions of noninteracting particles and
perfect particle-number measurement, the unitary evolution
is constrained to the form U = u®" with u € U(n), and
the particle-number measurement is performed by the

ues( |E (S ))(E,,(g)I where S is the

output-mode occupation hst, defined analogously to R in
Sec. IIT A. This particular scenario has been addressed in
Ref. [38] and is covered by Eq. (61). In this regard, we can
identify p, in Eq. (12) of Ref. [38] with F(p%, pj;). We also
note that similar considerations were made under a group-
theoretical perspective in Ref. [46] [e.g., compare our
Eq. (60) to Eq. (66) in Ref. [46] ].

projectors Mz =)

C. Partially distinguishable vs
fully distinguishable particles

We now compare the outcomes of experiments carried
out with partially distinguishable particles to those obtained
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with fully distinguishable particles. To this end, we utilize
the Kolmogorov distance (45) and the Bhattacharyya
coefficient (46) and define the visibilities

R
V=7 D(PR. Pr) (63)

and

Vp= (1= PER P (6)

These visibility measures quantify the interference contrast;
they are normalized, 0 < 77, 7r < 1, and yield 7’7 =
7 ¢ = 0 for distinguishable particles. For indistinguishable
particles, one finds 7'r, 7 <1, with the saturation
V' r=1 (rtesp. Zr=1) in the case of an optimal
measurement.

As a consequence of the relations between quantum and
classical trace distance and fidelity [cf. Eqs. (47) and (48)],
7'r and 7p are smaller than their quantum counterpart,
which we use to define the distinguishability measures Dy
and Dy,

R
77 < ﬁD(p}lE)’pE) =1-Dr (65)

and

R

WFSﬁ(l_FZ(P%PE)) =1-Dp, (66)
respectively, with p2 from Eq. (27). The inequalities in
Egs. (65) and (66) saturate for an optimal measurement,
such as a projection onto the eigenstates of Upgld' (see,

e.g., Secs. 9.2.1 and 9.2.2 in Ref. [65]).
Given that 1/R<F?(p2,pr) <1 [resp. 0 < D(p2,pp) <
(R —1)/R], with the lower (resp. upper) bound reached

when pp = p‘,§<F), we have 0 < Dy, Dy < 1, with the lower
bound saturating for indistinguishable particles and the
upper bound for distinguishable particles. Therefore,
Egs. (65) and (66) entail the complementarity relations

Dr+7r<1 (67)
and
Dr+7r <1, (68)

which provide a bound on the visibility based on the
distinguishability of the particles, as measured by D; and
D, regardless of the exact form of pg, which depends,
for example, on the particle type. In other words, a given
level of visibility can only be achieved by states that
are sufficiently distant from the state of distinguishable
particles.

TABLE II. Summary of the relations obtained by comparing
the output statistics for initially permuted input particles, between
partially distinguishable and fully distinguishable or indistin-
guishable particles.

Saturation for
optimal measurement

Complementarity

Measures relations

Permuted input particles

PrL+Wr <1 No
PrL+WEL1 No
Pr < Pr We <Whp
Pr+Wi <1 No
PrL4+WEL No
Partially distinguishable vs fully distinguishable particles
%T DT —+ %T S 1 YeS
Dy Di+Wic<l
We < Wp <1
T P=
DF %F DF + %F S 1 Yes
W< Dy + Wi <1
T pawicd

Partially distinguishable vs indistinguishable particles

D(P%F)7PM) + F2(pg(F>,pE) <1 Yes

Interestingly, the distinguishability measures Dy and D
are also connected to the previously defined wave character
measures (32) and (33) by the complementarity relation

D*+W? <1 (69)

for D € {D7y,Dr} and W € {W, Wp}. Inequality (69) is
proven in Appendix L. Although Eq. (69) does not
explicitly refer to outcomes of experiments, it once more
highlights the suppression of the wave character by particle
distinguishability. For a better overview, Table Il summa-
rizes the relations developed in the present section.

D. Examples for the interference visibility measures

To conclude, let us illustrate the behavior of the
visibilities 7'r and 7' [see Eqgs. (64) and (63)] and the
inequalities (67) and (68) in two experimental scenarios:
the Hong-Ou-Mandel experiment and the double-well
Bose-Hubbard model with four partially distinguishable,
interacting particles. First, we consider the Hong-Ou-
Mandel experiment [28,89,90] illustrated in Fig. 6(a),
where N = 2 noninteracting, partially distinguishable par-
ticles (bosons or fermions) are incident on two different
input modes of a balanced beam splitter and measured via a
projective measurement of the number of particles in the

output modes. For the input state, we have R= (1,1),
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@ (b) J
1—%#‘ Mo
2—0/

-

FIG. 6. Experimental settings to illustrate the complementarity
relations (67) and (68), for systems of partially distinguishable,
possibly interacting particles. (a) Hong-Ou-Mandel experiment:
N = 2 noninteracting partially distinguishable particles (colored
balls), which can be correlated in their internal degrees of
freedom (yellow envelope), evolve according to U = u®V, with
u the single-particle unitary matrix of the balanced beam

splitter. The output mode occupation S is measured according
to the measurement M, (see main text) with an interference
contrast controlled by Eq. (67). (b) Double-well Bose-Hubbard
model: Each site (or mode) initially contains two particles, with
particles on distinct sites prepared in distinct internal states with
mutual overlap y (see main text). The difference in the potential
wells’ on-site energies is controlled by the tilt F. Particles can
tunnel with rate J and interact with strength U. After an
evolution for some time ¢, different observables exhibit an
interference contrast, which is bounded by the complementarity
relation (67); see Fig. 8.

R=2, E=(1,2), and £=S5, = {e,(12)}, with ¢ the
identity permutation and Eq. (12) permuting the particles.

In the external basis {|€)}z = {[1,1),]1,2),[2,1),[2,2)},
the reduced external state (25) reads
0 0 0 O
110 1 r O
== , 70
PE A 0 ( )
0 0 0 O

where the second and third rows and columns correspond to
the subset of states {|1q5,,>}ﬂez ={|1,2),]2,1)} needed in
Eq. (19) to describe states (22) with particles in different

modes. For two particles, we find that the nonzero off-
diagonal element (26) is always real, and we write

2[pelei2) = (=Dpir) 225 C]j<QEJ1)z)|Q§:J)> =reR
The noninteracting evolution of state (70) is governed by
the unitary U = u®?, with

”:%<ii> 7

the single-particle transformation matrix of the beam
splitter. Thereupon, the number of particles in the output

modes is measured by M, = {M5};, with S the output
mode occupation defined analogously to R in Sec. III A,

- -

and M§:Zﬂez(§) |Eﬂ(S)><E,,(S)| the projector on

external states with occupation S. In total, there are three
different output mode occupations S, which occur with
probability p(§) = Tr(MiUpgUU"). These probabilities
form the distribution P ,,, and they read

p((1L.1)) =51 =),

PRO)=p(0.2) = (147, ()

N[ =

In the case of distinguishable particles, r = 0, such that
p_1..
Pp = Edlag(O, 1,1,0),

and the output probability distribution P%, becomes

PP =5,

pP((2.0)) = pP((0.2)) (73)

Therewith, a short calculation reveals the distinguish-
ability measures in Eqgs. (65) and (66),

Dr=1-]r| (74)

and

Dp=V1-r2 (75)

Note that in this case, the measures (32) and (33) of the
many-body state’s wave character obey Wy = Wp =1,
such that D% + W? = 1 for W € {W¢, Wp} [cf. Eq. (69)].
The probability distributions P, and P%, yield the visi-
bilities from Eqs. (63) and (64),

V= |r| (76)
and

Vp=1=-V1-r. (77)

Interestingly, by virtue of Egs. (72) and (73), the visibility
measure 7'y from Eq. (76) coincides with the usual inter-
ference contrast,

%}:p%ﬁ—pﬁw

pP(S)

for all output events S. With Dr and 7’7 from Eqgs. (74)
and (76) as well as Dy and 7y from Eqgs. (75) and (77),
both inequalities (67) and (68) saturate. Finally, with W, =
Wp =r and Egs. (76) and (77), we have 7' < 7’7 =
We = Wp. With Eq. (43), this leads to
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PP+ 77 <1,

for P € {Pr,Pr} and 7" € {7 1, 7'¢}, in direct analogy
with the wave-particle duality relations (12) of the double-
slit experiment.

Note that for internal product states of bosons (resp.
fermions),

Q) = o) ® (5,

the off-diagonal element

1 . .
PEleia) = (~Dary 5 a7 165

J

is positive (resp. negative) such that r > 0 (resp. r < 0), and
the probability of the output event S = (1,1) in Eq. (72)
decreases (resp. increases) with increasing particle indis-
tinguishability. This refers to the usual scenario of the
Hong-Ou-Mandel experiment with uncorrelated bosons
(resp. fermions). However, if the particles are in an
entangled internal state, this relation can be modified or
even inverted [89,90].

The second example involves the Bose-Hubbard model
for partially distinguishable and possibly interacting bosons
as illustrated in Fig. 6(b). Since the particles’ evolution is
supposed to be independent of their internal states, we can
consider the Bose-Hubbard Hamiltonian with respect to the
particles’ external degrees of freedom, reading

H = Hyop + Hip + He- (78)

In first quantization, the coupling between neighboring
sites (J, k) with strength J is described by the hopping term

N
Hip==J> > 11® ... Q )k, ® ... ® Ty.
(k) a=

where |j)(k|, acts only on the ath particle (and T on all
other particles). On-site particle interactions of strength U
are modeled by

n N
Hy=U> > 110..0)il® ..

j:l ap=1

a<f

Q Nl ® ... ® Ty,

and

n
Hgy = § w;
1

Jj=

N
18 @)l ®.. &1y
a=1

additionally accounts for different on-site energies ;.
Note that in the second quantization formalism, these

Hamiltonians take their usual form Hy,, =—J) (k) a}'ak,
Hiy = U/2Z?:1 ((1;)2(611-)2, and Hyy = ?:1 a)ja-;aj, with
aj. (resp. a;) the creation (resp. annihilation) operator of a
particle in mode j.

In our example, we consider N = 4 particles in a double-
well potential (i.e., n = 2), where different on-site energies
lead to a tilt F = w, — w; [cf. Fig. 6(b)]. Initially, we
consider two particles in each mode, such that R= (2,2),
R =06, E:(1,1,2,2), and S; = {e, (12),(34), (12)(34)}.
Moreover, let us suppose that the particles in mode 1 share
the same internal state |a), while the two particles in mode
2 are both in state y|a) + /1 — y?|b), with y € [0, 1] and
(alb) = 0. Thus, for increasing y, particles in different
modes become increasingly indistinguishable. This allows
us to study the quantum-to-classical transition in this
setting merely with respect to the coefficient y [33]. The
many-particle internal state (16) then reads

Q) =y?|a,a,a,a) +y\/1-7?*|a,a,b,a)

+7y/1=7*a,a,a,b) + (1 —y*)|a,a,b,b), (79)

with the coefficients C; from Eq. (16) given by

C =y
(a.a.a.a) i
Claapp) =1- y?. As required, this set of coefficients is

C(a,a,h,u) = C(u.u,a,h) =7 1- 7/2’ and

normalized, > ;|Cz[* =1, and symmetric under the
exchange of particles in the same mode, C; = Cf5 for

all £ € Sy [see below Eq. (20)]. Accordingly, the internal
state (79) is normalized and symmetric; i.e., |Q;) = |Q) for
all £ € S;.

After the evolution of the many-particle state according
to U = e~"H!/" with H from Eq. (78), we consider different
measurements of the resulting outcome: the projective
measurement Mg = {M3}; of the output mode occupa-
tions S € {(2,2),(3.1).(1,3),(4,0),(0,4)} [see below
Eq. (71)], the one-point density measurement
Mp ={M,,M,}, with

1< -
Mj=2> 1@ ®j){jl,®...® 1y
a=1

measuring the particle density on site j, the two-point
(density-density) correlation measurement M,p ={ M3, M3,
2M M, }, which measures density correlations between the
two sites, as well as three-point and four-point density cor-
relation measurements Mp={M3,M3,3M M3,3M?M,}
and Myp = {M}, M5, 4M M3, AM3M,, 6MIM3}. As re-
quired, these measurements constitute POVMs satisfy-
ing > yemM=1.

First, let us consider the visibility 7 from Eq. (63) for
the measurement M of the output mode occupations,

031041-15



DITTEL, DUFOUR, WEIHS, and BUCHLEITNER

PHYS. REV. X 11, 031041 (2021)

(b) y=1/2
T e 1.0
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. _ 0.6
U/J=1 -
0.4
—————————————————————— 40.2
0.0
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(d y=1
------------------------ 1.0
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FIG. 7. Many-particle interference visibility 7" in the double-
well Bose-Hubbard model (78) for the particle occupation
measurement M, and tilt F = 0. Panels (a)-(d) show the
visibility 7" as a function of the evolution time ¢ for different
levels of particle distinguishability in the internal state (79), as
controlled by y = 1/4, 1/2, 3/4, and 1, respectively. Independ-
ently of the interaction strength U/J, and as predicted by
Eq. (65), the visibility 77 is bounded for all evolution times ¢
by the particle indistinguishability 1 — Dy (red dashed line),
which is a monotonously increasing function of y, as illustrated in
the inset of panel (a).

given equal on-site energies, i.e., ' = 0. As highlighted in
Figs. 7(a)-7(d), the upper bound from Eq. (65) limits the
extent of the interference visibility throughout the evolution
(i.e., for all evolution times ¢) and independently of the
interaction strength (i.e., for all values of U/J). The bound
of 7'y merely depends on particle distinguishability as
governed by the overlap y between particles initially in
different modes [see the inset in Fig. 7(a)]. In the case
of a fixed evolution time r=4#A/J and tilt F =J,
Figs. 8(a)-8(d) show that our bound (65) is likewise valid
for the density correlation measurements Mp, Mop,
Msp, and M,p. Note that the gap between the visibility
7 r and the upper bound from Eq. (65), e.g., in Fig. 8(d), is
an artefact of the particular measurement. Indeed, by
optimizing the measurement [see below Eq. (66)], the
upper bound can be reached.

In summary, while the exact behavior of the many-
particle interference visibility 7°; undergoes complex
dynamics, Figs. 7 and 8 illustrate that 7' is bounded
by particle distinguishability via Eq. (65), which applies
independently of the particular underlying experimental
setting, even beyond the Bose-Hubbard model considered

(@) y=1/4 b y=1/2
1.0 1.0
----- 1- Dy
0.8/ — Mo 0.8
0.6 M 0.6
v | M Rz
0.4 — Mor 0.4
— Myp
o2 4 EIITTTTARTTTTTT 0.2
00E = o %& 0.0
0 1 2 3 4 50 1 2 3 4 5
u/J u/J
() y=3/4 (d) 7=1
10— [eEeTeEEESeTsEem=TTIEE= 1.0
0.8 0.8
0.6 0.6
I Y
0.4 0.4
0.2 0.2
0.0 0.0
o 1 2 3 4 50 1 2 3 4 5
U/J U/J
FIG. 8. Many-particle interference visibility 7", in the double-

well Bose-Hubbard model for the evolution time ¢ = 4#4/J and
tilt F = J. For the particle occupation measurement M, as well
as the correlation measurements M p, Myp, Ms3p, and Myp,
panels (a)—(d) show the visibility 7’; as a function of the
interaction strength U/J for y = 1/4, 1/2, 3/4, and 1, respec-
tively. Just like in Fig. 7, for all measurements and all interaction
strengths U/J, the visibility 7' is bounded by the particle
indistinguishability 1 — Dy (red dashed line). See the inset in
Fig. 7(a) for the relation between 1 — D7 and y.

in the present example. Note that the visibility 7' from
Eq. (64) obeys a similar behavior.

V. CONCLUSION

Many-particle interference is an intricate phenomenon
that leads to complex dynamics for both interacting and
noninteracting systems. It is a central ingredient for
applications in quantum information processing and quan-
tum simulation, ranging from boson sampling [49] to
simulations of quantum many-body problems with ultra-
cold atoms in optical lattices [61], quantum walks with
strongly correlated quantum matter [58], or relaxation
phenomena in a many-body quantum system [59]. This
calls for a better understanding of the impact of partial
particle distinguishability of the involved particles—which
deteriorates any interference-based many-body quantum
protocol.

Here, we investigated particle distinguishability in an
approach that relies on the complementarity of wavelike
and particlelike features of many-body quantum states. By
deriving the complementarity relations (43), we showed
that the fundamental concept of wave-particle duality can
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be generalized to the many-body realm. We then demon-
strated how the wave and particle properties of a many-
body state affect the interference contrast imprinted on
diverse experimental observables. In particular, we estab-
lished general visibility measures that can be applied
independently of the specific experimental setting and thus
provide universal tools to quantify the magnitude of many-
particle interference, and to certify particle indistinguish-
ability, as illustrated by numerical examples.

Formally, the effect of particle distinguishability on the
discussed many-body interference scenarios bears a pro-
found similarity to decoherence due to interactions with an
environment. At the single-particle level, this relation is
clear: For example, in the double-slit interference of macro-
molecules [21,23], collisions entangle the particle’s state
with the environment and lead to which-way information
that deteriorates single-particle interference. In the many-
particle case, here we assumed that the entanglement of
internal and external degrees of freedom is given a priori.
The creation of such correlations by controlled or uncon-
trolled interactions of the many-particle system with envi-
ronmental degrees of freedom mediates decoherence of
many-particle amplitudes and poses a panoply of interesting
questions, which are open for future investigations.
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APPENDIX A: PROOF OF THE SINGLE-
PARTICLE WAVE-PARTICLE DUALITY
RELATIONS (12)

In the following, we prove the wave-particle duality
relations in Eq. (12). Let us consider the fidelity of the
detector states p and p5 [see Eq. (7)] and utilize its
concavity [65],

Zq, (DY)
=Y ¢;I(0Y DY) =
J

:V’

DYy(DY)

/’d Pd

(g 1D}

(A1)

where we identified V from Eq. (5) in the last step. By
plugging Eq. (A1) into Eq. (10), we obtain

<V1=)2,

Pr=1/1-F(py.p]) <
which results in the second inequality of Eq. (12),
Pi+V2 <1

The first inequality in Eq. (12) follows directly from
Eq. (11). Note that both inequalities saturate for pure states.

APPENDIX B: PROOF OF THE HIERARCHY (34)
OF QUANTIFIERS OF THE MANY-BODY
STATE’S WAVE CHARACTER

Before we prove the hierarchy in Eq. (34), let us rewrite
the two measures YW, and Wp from Egs. (32) and (33).
With pr from Eq. (25), the summands of the normalized
coherence (32) can be expressed as

(EulpzlE,)| o 1o, (B1)
and by plugging this into Eq. (32), we obtain
We = R =) 2| 2% (B2)
/AL/EZ j

%22

Moving on to the purity-based measure, a straightforward
calculation gives the purity of pg,

S a0

J

EQZ

HVEL

Since the summands for y = v yield 1/R, the normalized
purity (33) becomes

Wp = Z

HLVEL
HFV

2oty

‘ . (B3)

Now, we are set to prove the hierarchy (34). We start
from Eq. (B2) and use the Cauchy-Schwarz inequality,
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;ADEZ

‘Zq, 19?)
<Z< ) S e
Zq, Sy ’2

K.TEL ;4 VEL

K#T
;4 LEZ

=Ws. (B4)
where we identified the square of Eq. (B3) in the last step.
Accordingly,

We < Wp, (B5)
which completes the proof. Note that by the use of the
Cauchy-Schwarz inequality in Eq. (B4), Eq. (B5) saturates
if and only if |37, qj(Q£’>|Q,(/)>| is equal for all u # v.
Considering Eq. (26), this refers to all off-diagonal ele-
ments of pr having equal modulus.

APPENDIX C: PROOF OF THE HIERARCHY (41)
OF QUANTIFIES OF THE MANY-BODY STATE’S
PARTICLE CHARACTER

In order to prove Eq. (41), we consider the squared
particle character measure Pr from Eq. (37) and use the
Fuchs—van de Graaf inequality (8), resulting in

P2 = ( —UZ /)1,/)1)

HLVEL
p#Y

< (s SV Pt

/4 €T
p#EV

Now, using the Cauchy-Schwarz inequality, we arrive at

P} <Z< > > (1=F(p.p7)

K7€X HVEES

K#T HFV
’pr
=1- ZF (V. rY)
/ADEZ
Y
=1-F%

where we used Eq. (39) in the last step. By definition (40),
this leads to Py < Pp, which was our initial claim.

APPENDIX D: PROOF OF THE
MANY-PARTICLE WAVE-PARTICLE
DUALITY RELATION (42)

We prove the wave-particle duality relation (42) in a
similar way as in the proof of 732 +V? < 1in Appendix A.
First of all, we consider the pa1rw1se fidelities of internal
states (31) corresponding to different particle labelings and
utilize the fidelity’s concavity [65]:

> q;F ()
= Z%‘KQO)

with the inequality saturating for pure internal sates.
Therefore, the fidelity measure F in Eq. (39) obeys

F> ZZq ,(/)

/4 vEX
%22

Q7. 127y

F(py.p})

()
m

)| (D1)

=W,

where we identified WWp from Eq. (B3). By means of the
definition (40), Pr = V1 — F2, we then obtain

Pr<y/1-W25

and, hence, 77% + W% < 1, which had to be proven.

APPENDIX E: PROOF OF EQS. (51) AND (52)

In order to prove Egs. (51) and (52), we first show
that p* from Eq. (50) is obtained by transforming the state

F) ® pf [with pg(F) from Eq. (28) and pf from Eq. (31)]
according to the unitary transformation

V= ZZUS

R HEZ(R

(R ®T,,  (El)

with the permutation operator II, acting on the internal
basis states as

,|Z) = T,|Z1, .. Zn) = [Zurys oo Luy) =IZ ),
such that
MZ) =TT (Zn) = [Ty - (T )
= T - Zutuivy)) = 1 Z o)
and, by Eq. (16),
m,|QY) = |Q1). (E2)
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Note that in Eq. (E1), we explicitly state the dependence of
the mode as51gnment list £ and of the subset = on the mode
occupation R since Wwe sum over all posmble R. Given that

S5 sy | B (R)) (B, (R)| =32 £I€) (€] =T and T[T, =1,

one checks that V is indeed unitary. Utilizing Eqgs. (28),
(29), (31), (E1), and (E2), we then obtain for the trans-
formed state

Vo @ pr|v

S

Y ENE, ® > g1, o) (oI
J

ﬂueE
= Z D ENE| © > q;l0u) (@)
/41/62 J
=p" (E3)

where we identified p* from Eq. (50).

We are now set to prove Egs. (51) and (52). Let us start
with Eq. (51): We rewrite the trace distance D(p*,p°)
between permuted states using Eq. (E3), and we use
the invariance of the trace distance under unitary trans-
formations:

D(p*.p")
B(F p B(F
= D(V[PE( ) ® pI]VT’ V[PE<
= D" ® pf. o ® pj).

'@ pV)
(E4)

Next, we use D(a® o,a ® p) = D(o,p) for density
matrices o, p and a. This turns Eq. (E4) into

D(p*,p*) = D(pj. ),

which proves Eq. (51). Equation (52) can be proven
similarly: Utilizing Eq. (E3), the invariance of the fidelity
under unitary transformations, and the multiplicativity of
fidelities, we obtain

I
-
<
?

F(p*,p%) = F(V]pp") @pﬂvT Vipr” @ pjv7)
2" @ ptpi" @ p)

2" o) F (5. p5)

(

K T

P57

which proves Eq. (52).

APPENDIX F: PROOF OF EQ. (53)

The first inequality in Eq. (53) is a statement of the
Fuchs—van de Graaf inequality (49); we therefore set out to
prove the second inequality. We start by utilizing the
relation (48) between the Bhattacharyya coefficient and

the quantum fidelity and, thereafter, the invariance of the
quantum fidelity under unitary transformations,

F(P%,, P%,) = min F(P%,, P%,)

Since the quantum fidelity increases under partial trace
operations [65], and using Eq. (52), we find

F(P. Ply) 2 F(p. pi) 2 F(p*.p") = F(pf.p7).  (F1)

with p* from Eq. (50). Using Eq. (31) and the concavity of
the quantum fidelity [see Eq. (D1)] then yields

(P Py) 2 F (5. p5)

>3 g @19 >
J

S a0l
J

In view of Eq. (B1), we therefore obtain

F<PKM’P5\/1) = R|<EK|pE‘E‘:> ’

such that

\/1 F2(P5,. P%,)

which is the second inequality in Eq. (53).

< /1 = RI(Edpel BN,

APPENDIX G: PROOF OF THE HIERARCHY (56)
OF QUANTIFIERS OF THE PARTICLE
CHARACTER

Equation (56) can be proven by following the same route
as in Appendix C. Starting from the definition (54) and
using Eq. (49), we obtain

2
P2 = ( _IZD )

K#r

( - S\ - PPy Py )) .

K.TEX
K#T

Using the Cauchy-Schwarz inequality then leads to

031041-19



DITTEL, DUFOUR, WEIHS, and BUCHLEITNER

PHYS. REV. X 11, 031041 (2021)

1 <Z< ) > 1= F2 (P, )]

HLVED K.TEX

pFV kET
1 K T
" R(R- 1)2[1 = F2(Piy. Pyl
v
1
g 1 —_

2 K T
RE=1) 2 (P Piu)

K#T

where we identified &2 from Eq. (55) in the last step.

APPENDIX H: PROOF OF EQ. (57)

We now prove the inequalities in Eq. (57). We start by
proving that &; < Py. Given Eq. (54), let us maximize
the Kolmogorov distance and utilize Eq. (47) as well
as the invariance of the trace distance under unitary
transformations,

D(P5(. P,) < max D(PS. Py
= D(UpU" UppU")
= D(pf. pi)-

Now, using the contractivity of the trace distance under the
partial trace operations [65], as well as Eq. (51), yields
(H1)

D(P%,. Pyy) < D(p. pg) < D(p*,p7) = D(p}. pj).

By plugging Eq. (H1) into Eq. (54), we then obtain

a@T_R(i_IZD Pi.p1) = Pr,

KIEX
K#T

where we identified Py from Eq. (37) in the last step. In
order to prove the second inequality in Eq. (57), we plug
Eq. (F1) into Eq. (55) such that

1 2(HK AT
Pr < 1—sz (P}.p7) = P

In the last step, we identified Pr from Eq. (40), which
finishes the proof.

APPENDIX I: PROOF OF THE EIGENVALUE
EQUATION (59)

We provide two proofs of the eigenvalue equation (59),
i.e., that [ypr)) from Eq. (29) is an eigenvector of pj from
Eq. (25) with eigenvalue Agr) = Fz(pg(F),pE).

First proof: Let us consider the squared fidelity

B(F)

F2(p§<”, pe), and note that both states, p ' and pg,

are not necessarily of the same particle type; e.g., if pg
describes a state of fermions, then F2(p2, pz) corresponds
to the squared fidelity between a bosonic and a fermionic
state. Therefore, for pj, we abbreviate the case of
bosons (fermions) by B’ (F’), and for the pure state

B F), by B (F). Starting from Egs. (25) and (29), the
squared fidelity can be written as

P2 pp)

:< |PE|WB >
E(ZD o (=1t o £f>|sz£f)>).

(I1)

Next, consider the expression in parentheses, for brevity
denoted by Z, and insert a sum over all £ € S,

Z= §:§ :q )Iz;F’< |Q >
veX j
ZZZ%( ity (=Dl (@1947)
5GS veX j
=TS |§ >N a1 (Vb @197 (12)
R feSpvex J

In the last step, we used |Qi!y)) (=1)% B Q7). which

can be seen by considering the coefficients’ symmetry

C(f’) = (-1 CU in Eq. (21). Furthermore, we inserted
¢

B(F)

B/(F')
the factor (—I)Z(F), which can be done because of pj
describing a state of indistinguishable bosons or fermions,
with (—1)‘}’;(,,) =1 in the case of bosons, and S; = {€},
with e the identity permutation, in the case of fermions. The
latter is a consequence of Pauli’s principle. Now, we use the

fact that the permutations 7 € Sy can be decomposed as
n = ¢v, with £ € S and v € Z, such that

=TS |§ >~ (=gt (=1 (@7 1247)
Rl zesy j

| |ZZqJ( D (=D p/< 5:”\9%.
R z€Sy J

Again using the decomposition 7 = év, with £ e S; and
)B, ) 1QY)), as well as
the freedom to insert (—l)g( F)» yields

v € X, the symmetry |Q((§L)> (-
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ZZZ% 1)l () (Q ol 1)
|S ‘ées vex j
=3 4Dy (D (@7 12). (13)

Thus, in consideration of Egs. (I2) and (I3), we have

2= 4=V (D (@7194)
vexX j

_ZZ‘IJ )B’F’< o), (14)
vexX j

with e the identity permutation. Therewith, the squared
quantum fidelity in Eq. (I1) becomes

qu/( D

ueE J

F2(pp") pp) = — 1)l o ().

(I5)

Next, we rewrite the left-hand side of Eq. (59) with the
help of Egs. (25) and (29):

pE|WB( ';/2 Z Bl'/(F’)
/H/TEZ
XZ% E,)(E,|E.)
R3/2 Z Zq/ B’ F') < |Q >|Eu>
HLVEL |
Using Eqgs. (I4) and (I5) then yields
PE|ll/B >
oVQUNIE
3/2 Z qu )B’(F’ < )/ |Q€] >|E;4>
HLVEXL

—F ’PE \/—Z

HEZ

= F2(p2") ) lwsie))s

) from Eq. (29) in the last step.
= Fz(plEg(F)’pE)’

where we recognized |1//B( )

Thus, we identify the eigenvalue Apr)
which finishes the proof.

Second proof: One arrives at the same result faster by
using a result from group representation theory known as
unitary-unitary duality [91]. One can indeed show that the
reduced external state can be decomposed according to the
irreducible representations A of the symmetric group Sy:

PE = DArPA- (I6)
A

In particular, the totally symmetric, A = B, and totally
antisymmetric, A = F, irreducible representations each
contain only one state with mode occupation R: the bosonic

and fermionic states pg = |wp)(wg| and pr = |pr)(
respectively, as given by Eq. (29), which must therefore

appear in the decomposition (I6). The identity Ag ) =
F? (pgm, pr) then follows from

FZ(P?F)’PE) = (v F) |,0E|WB(F)> = AB(F)

APPENDIX J: PROOF OF EQ. (60)

The proof of Eq. (60) is based on Eq. (59), which allows
us to decompose pg as

E= ﬁB(F)ﬂgm + (1 = A(r) )PE (J1)
where p?”) and p have support on orthogonal subspaces,

such that their trace distance yields

D" pt) = 1. (12)

By utilizing Eqs. (J1) and (J2) as well as the convexity of
the trace distance [65], we obtain the upper bound

D(pp™ pr) <2 D) )+ (1=Apr) ) D (o™ o)

=1=A(r)
=1-F2(p5") pp), (33)

where we used Agp) = F 2(pg(F), pE) in the last step [see

Eq. (59)]. On the other hand, the known lower bound on
the trace distance if at least one state is pure [65],
D(|¥),p) > 1 — F*(|¥),p), leads to

Do pe) 21 = F2(pp") pp). (14)

Combining Eqgs. (J3) and (J4) results in

D(pp™), pp) + F2(p")  pg) = 1,

which had to be proven.

APPENDIX K: PROOF OF EQ. (61)

We now prove Eq. (61). Utilizing the relation (47) of the
Kolmogorov distance to the trace norm, as well as the
invariance of the trace distance under unitary transforma-
tions [65], we have
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D(PE Py <max D(PE, Py

M
= DUPEUT Up ) (K1)
=D(py". pp). (K2)
Plugging Eq. (K2) into Eq. (60) then leads to
DY Pa) + PoE" pe) <1 (K3)

which is the sought-after relation. Note that the inequality
in Eq. (K3) [and, thus, in Eq. (61)] is only due to the
maximization in Eq. (K1) and saturates for an optimal
measurement. One such measurement is gwen by the
projection onto the eigenstates of U(pp — )Z/{Jr (see
also Sec. IX.2.1 in Ref. [65]).

APPENDIX L: PROOF OF EQ. (69)

Let us start by proving Eq. (69) for the distinguishability
measure Dy by utilizing the lower bound of the trace
distance between density operators p and o derived in
Ref. [92] (Theorem 1 there),

)\/1-Tr(e?

For the trace distance between py and p? from Egs. (25)
and (27), we can use Tr(p2pg) = Tr((p2)?) = 1/R,

such that
\/— (1 ="Tr(pg)).

Considering Eq. (33), we have
R-1

D(p,6) > 1 —"Tr(po) — \/1 - Tr(p?

D(p?.pE) 2

1= Tr(pg) =

which leads us to

D(p2.pE) >Tl (1 - m>

By plugging this into Eq. (65), we obtain

R
Dr=1 —ﬁD(Pg’PE) </ - Wi,

and, accordingly, D% + W2 < 1. Together with the hier-
archy (34), this proves Eq. (69) for Dy.

Next, we prove Eq. (69) for the distinguishability
measure Dj. Therefore, first of all, we recall that pg
from Eq. (27) is maximally mixed, such that p2 and py
can be simultaneously diagonalized. Letting A, be the
eigenvalues of py, the fidelity of p2 and py can thus be
written as [65,60]

(1=W3), (L1)

FlioBope) = Ve (L2)

Taking the square of Eq. (L2) and utilizing >, 4, =1
yields

Now, using the Cauchy-Schwarz inequality in the second
summand, we obtain

1
F*(pg.pE) < 'l (L3)
L (L4)

"R

where we used .5 4,45 = 1 — Tr(p}) in the last step. By
plugging Eq. (L1) into Eq. (L4) and rearranging accord-
ingly, we arrive at

R 2( D 1 2
-1 (F (£ PE) _E> </ I=Ws.

Now, by using Eq. (66), we can identify the left-hand side
with Dy, such that

DI+WA <L (L5)

In consideration of the hierarchy (34), this proves Eq. (69)
for the distinguishability measure Dy and thus finishes
the proof of Eq. (69). Note that this proof can also be
performed using Theorem 1 in Ref. [93]. However, we
provided the entire proof in order to see that the inequality
(L5) saturates if and only if pp = p2, given the use of the
Cauchy-Schwarz inequality in Eq. (L3).
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