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We present self-testing protocols to certify the presence of tensor products of Pauli measurements on
maximally entangled states of local dimension 2" for n € N. This provides self-tests of sets of informationally
complete measurements in arbitrarily high dimension. We then show that this can be used for the device-
independent certification of the entanglement of all bipartite entangled states by exploiting a connection to
measurement-device-independent entanglement witnesses and quantum networks. This work extends a more
compact parallel work on the same subject [Bowles et al., Phys. Rev. Lett. 121, 180503 (2018)] and provides all

the required technical proofs.
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I. INTRODUCTION

Unjustified or mistaken assumptions about the physics of a
quantum information protocol can result in errors that jeop-
ardize the protocol’s validity [1,2]. The device-independent
approach attempts to overcome this problem by keeping as-
sumptions to a minimum; devices in the protocol are treated
as black boxes, and the only information available is their
input-output statistics. Interestingly, due to the existence of
quantum nonlocality [3,4], protocols can still be made to
function in this scenario and many quantum information tasks
now have device-independent formulations, including proto-
cols for quantum random number certification [5-7], quantum
key distribution [8—10], and the characterisation of quantum
properties [11,12].

A common device-independent task is that of entanglement
certification. Here one aims to certify the presence of entan-
glement in a quantum state from the correlations between
local measurement outcomes, and is typically achieved via
the violation of a Bell inequality. The central limitation here
is that there exist entangled mixed states that admit a so-
called local hidden variable model [13-15] and thus do not
violate any Bell inequality. Device-independent entanglement
certification of such states is therefore impossible via the
standard approach. A partial solution to this problem recently
came in the form of measurement-device-independent entan-
glement witnesses (MDIEWs) [16—18]. Here one can achieve
entanglement certification of all entangled states by replacing
the classical inputs in a Bell test by a set of trusted quantum
input states. This approach, however, is only partially device
independent since it requires perfect knowledge of the input
states.

A closely related task to entanglement certification is that
of self-testing [19]. In a self-testing protocol, one aims to cer-
tify, or self-test, the presence of a target entangled state and/or
target set of measurements via the observation of nonlocal
correlations. Essentially, this requires finding a Bell inequality
whose maximum violation is achieved uniquely by the target
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state and measurements of interest. A significant literature on
self-testing exists [20-26], and it is known for example that
all bipartite pure entangled states can be self-tested [27]. The
self-testing of quantum measurements is however much less
explored, although some results are known [28,29].

In this work (see also [30] for a more compact version)
we combine results in the field of self-testing with techniques
from MDIEWs to construct device-independent protocols that
are capable of certifying the entanglement of all bipartite
entangled states. To do this, we move to a scenario involving
a network of quantum states that allows us to overcome the
limitations of the standard approach. Intuitively, our proto-
cols can be understood as a device-independent extension
of MDIEWs, in which the input quantum states are certified
device independently via a self-testing protocol. The technical
preliminaries to this result include new results concerning the
parallel self-testing of Pauli observables and may be of inde-
pendent interest. In particular, we prove self-testing of tensor
products of Pauli observables on maximally entangled states
of local dimension 2", n € N, treating a well-known problem
that arises when dealing with complex-valued measurements.
We note that an analogous result to this was independently
proven in Ref. [31] in the context of delegated quantum
computation.

The paper is organized as follows. The first two sections
focus on the technical ground work in self-testing that are
needed for our entanglement certification protocols. In Sec. 11
we introduce self-testing and revisit the problem that arises
with complex-valued measurements. In Sec. I A we focus
on the simplest case of two qubits and prove self-testing of
the three Pauli observables, before tackling the more involved
case of general dimension in Secs. II B and II C and discussing
noise-robust versions of these results in Sec. IID. We then
move to our protocols for entanglement certification, outlining
our network scenario in Sec. III, presenting our entanglement
certification protocols in Secs. III A-III D, and finally dis-
cussing our results.

©2018 American Physical Society
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II. SELF-TESTING

Suppose two parties, Charlie and Alice,! share the quantum
state |¢) and perform local measurements labeled by z and x,
obtaining outcomes c and a. From the Born rule, the observed
probabilities take the form

p(calzx) = [y ) M @ Mg, ey
where M., M, denote the local measurement operators,
and where we have purified states and measurements so
that our state is a pure state and our measurements pro-
jective. In principle, many different combinations of states
and measurements could give rise to the same correlations
p(calzx). To self-test a target quantum state |¢/'), one must
find correlations which are produced uniquely by |¥') up to a
certain equivalence class, hence certifying the state |') (up to
equivalence) from knowledge of the correlations alone. In the
first works on self-testing, this equivalence class is captured
by the notion of a local isometry, which takes into account the
possibility of unobservable local unitary operations applied to
the state and measurements, possible embedding in a Hilbert
space of larger dimension and/or the existence of additional
degrees of freedom. Note that via the Schmidt decomposition,
the freedom of local unitary operations implies that one may
assume that the target state |¢') can be expressed with real
numbers only without loss of generality. The precise definition
of self-testing of quantum states is then as follows.

Definition II.1. We say that the correlations p*(ca|zx)
self-test the state |y') € Ho ® Ha if for all states and
all measurement operators satisfying (1) for p(calzx) =
p*(calzx) there exist Hilbert spaces Hc, Ha such that |¢) €
Hc ® Ha, a local auxiliary state |00) € Ho @ Ha and a
local unitary operator U such that

Ully) ® [00)] = 1§) ® |¥), 2)

where |£) € Hce ® Ha (usually called a junk state) is any state
representing possible additional degrees of freedom.

Intuitively, self-testing means proving the existence of
local channels (given by the local unitaries and local auxiliary
states) which extract the target state |/') from the physical
state |v) into the He ® Har space.

One may further be interested in certifying that the mea-
surement operators are equivalent to some target measure-
ments {M{_}, {M } acting on |¢/'). To begin with, let us as-
sume that the target measurements can be expressed using real
numbers alone, i.e., (M,)* = M;_forall ¢, z and (M, )* =
M;‘x for all a, x. We then have the following definition.

Definition I1.2. We say that the correlations p*(ca|zx)
self-test the state |/') and real-valued measurements {M,_},
(M} if p*(calzx) self-tests the state |v/') according to

alx
definition II.1 and furthermore

UMcj: ® My [¥7) ® [00)] = [€) ® (M, ® M, [¥))

foreachc,a, z, x.

"We avoid the usual convention of Alice and Bob for readability
with later sections of this paper where our choice will become more
natural.

In other words, applying the measurements M, ,, M), to
the state [y) is equivalent to applying M, _, M to [¢) under
the action of the local unitaries.

For measurements that cannot be expressed using real
numbers alone an additional complication arises, as noted in
the early works on self-testing [32] (see also [28,29]). This is
due to the fact that quantum correlations are invariant under
transposition (or equivalently, complex conjugation) of the
state and measurement operators:

e[|y Yy M, @ M, 1=t [|[¥/ )y M @ M]3

(where M7 denotes the transposition operation and we assume
the state |/') to be real as above). Note that the transpo-
sition operation maps valid measurement operators to valid
measurement operators, however is not unitary. This means
that the measurements {M; .}, {M,,,} cannot be self-tested
using definition I1.2. That is, there always exists an alternative
realization using the transposed measurements which cannot
be brought to the target measurements using local isometries
alone. For such measurements, the most we can hope to certify
is that the measurement operators correspond to the target set
up to the additional freedom of local transpositions on both
subsystems. To deal with this possibility and following the
method of [28], we introduce additional local Hilbert spaces
Hcr and Ha» which act as a control space for possible trans-
position of the measurement operators. Our precise definition
of self-testing is as follows.

Definition I1.3. We say that the correlations p*(calzx)
self-test the state |¢¥') € Ho ® Ha and (complex-valued)
measurements {M;| A {M;‘x} if for all states and all measure-
ment operators satisfying (1) for p(ca|zx) = p*(ca|zx) there
exist Hilbert spaces Hc, Ha such that |{) € He @ Ha, a
local auxiliary state |00) € [Her @ Heo']l ® [Har @ Ha'] and
a local unitary operator U such that

U[Mclz ® Mulx |1//> & |00)]
= M,j: ® My [I&) ® 100) + &) @ 1D @ [¥'),  (4)

where |&;) € Hc ® Ha are some unknown subnormalized

junk states such that (§y]&y) + (£11&1) = 1 and the M operators
are related to the target measurements by

M. = 1€ ® [My ® M,

clz

+M; ® (M, )", )

clz
Moo =14 @ Mo @ M, + My @ M, )"1. (6)
with My + M; = 1€ and (0|My|0) = (1|M;[1) = 1.

The above measurements can be understood as “controlled
transposition” measurements: one first measures the double
primed auxiliary spaces with the measurement {My, M;};
conditioned on this outcome, one then measures the target
measurement or its transposition on the target state |vy’).
Due to the form of the measurement operators and state
&) ® 100) + &) ® |11), one sees that this transposition is
correlated between Charlie and Alice, as implied from (3).
The probability that this transposition is applied depends on
the norm of the vectors |§;), however it is generally unknown
since the self-testing data does not allow one to infer the form
of these states. Note that one may only wish to self-test a set of
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measurements for one of the parties, say Charlie (as will be the
case for us); here one would simply replace the measurement
operators for Alice by the identity operator in the above.

The central task in self-testing is thus to construct the local
unitary U in order to prove statements following the above
definitions. In order to do this, one typically considers linear
combinations of the probabilities p(ca|zx) (corresponding to
some Bell inequality) of the form

Iip(calzx)l = Y

c,a,z,x

ca Plcalzx), (7

for which the maximal value in quantum theory Z = T«
occurs using the target state and measurements. The ob-
servation 7 = Z,,.x then implies relations between the state
and measurements performed in the experiment via (7), and
one can prove the existence of the local unitary from the
measurement operators themselves. A large number of self-
testing results are known. For example, if (7) corresponds to
the CHSH Bell inequality, maximum violation implies that
one can self-test the presence of a maximally entangled state
of dimension two |®*) = \/%HOO) + |11)], and measurements

of oy, o, for Charlie and [0y & O’Z]/\/E for Alice [19,23,33].
More generally, one can self-test any pure bipartite entangled
two-qubit state |¢) = cos8|00) + sin&|11) when (7) corre-
sponds to the tilted CHSH Bell inequality [21]. Self-testing of
higher dimensional bipartite pure states is given in Refs. [24—
27]. Furthermore, a large class of multipartite states can be
self-tested by exploiting the methods applied to self-testing of
bipartite states [22].

The majority of self-tests mentioned above are useful for
the certification of measurements. However, most of these re-
sults apply to the self-testing of real-valued measurements due
to the added complication definition II.3. The simplest set of
measurements which cannot be expressed using real numbers
alone is given by the three Pauli observables o, oy, 0y. In
Sec. IT A we prove self-testing statements for these measure-
ments, inspired by the approach of [28] where similar results
were obtained. We then extend this to a parallel self-test in
Secs. II B and IT C in order to prove self-testing statements for
n-fold tensor products of the Pauli measurements, which form
an informationally complete set in dimension 2".

A. Self-testing of Pauli measurements

We begin by proving a self-testing statement for the max-
imally entangled state of two qubits |®*) = %[IOO) + [11)]
and the three Pauli observables for Charlie. Since there does
not exist a two-qubit basis in which these observables can
be written using real numbers only, our self-testing statement
will be of the form of definition II.3. We note that this is
not the first proof of such a result; similar results have been
obtained in previous works by generalizing the Mayers-Yao
self-test [28], by studying the properties of the “elegant”
Bell inequality [34,35] and combinations of the CHSH Bell
inequality [34] and in a more general approach to the problem
[29] focused on commutation relations.

Before proceeding we first clarify some notation. Super-
script of an operator denotes the Hilbert space on or in which
the operator acts or lives, e.g., X¢ denotes a linear operator

on the space Hc and [¢)* € Hc ® Ha. Unless explicitly
written, we omit tensor products acting on the remaining
Hilbert space, e.g., XC|y)* should be understood as X© ®
14]y)CA. This convention then follows for the product of
operators, e.g., XCEA|y)A should be understood as X ®
EA ) A,

The scenario we consider for the self-testing is as fol-
lows. Charlie and Alice share a bipartite quantum state |{) €
Hce ® Ha. Charlie has a choice of three measurements z =
1,2, 3, with outcomes ¢ = £1 denoted by the observables
XC, YC, and Z€. Alice has a choice of six £1 valued mea-
surements x = 1, ,6,a = %1, denoted by the observables
D2, E2.. D?y, EXAy, ny, Eéy. Note that each of these ob-
servables is Hermitian and unitary. We then consider the
following Bell operator (introduced in Ref. [34]), which we
call the triple CHSH Bell operator

B= ZC (Dix + E?,X) + XC (DZA,X - E?,x)
+ zC(DQy +E}) - YC(DQy —-E})
+ XC(DXA)’ + Efy) - YC(DXA)’ - EXA}’) (8)

This Bell operator consists of a sum of three CHSH Bell
operators; each line itself is a CHSH Bell operator and each
X, Y, and Z observable appears in two of the lines. The
correlations that we use for self-testing correspond to those
which maximize (y|B|y¥), which has maximum value 62
(since each CHSH operator is upper bounded by 2+/2). This
can be achieved by taking the following states and observables

1
=|dt) = —[]00 11)],
V) =[®7) ﬁ[l )+ 111)]

ZC = Ogz, XC = Ox, YC = Oy, (9)

A _0it0j A _0i—0j

i,j ﬁ ) i,j ,\/E )
for (i, j) = (z,x), (z,y), (X,y). The basic intuition of the self-
testing is that since maximal violation of a single CHSH in-
equality requires anticommuting qubit observables on a max-
imally entangled state [36], the maximum value of (8) should
imply three mutually anticommuting observables on the maxi-
mally entangled state, given by the three Pauli observables (or
their transpositions). Indeed, we will see that this is the case.

One way to achieve this is to build a sum-of-squares (SOS)
decomposition of the shifted Bell operator 6+/21 — B of the

form
6vV21-B=> PP (10)
A

Such a decomposition is given by
2(6v/21 — B)

1 B 2
=|Z°- — (DX +E) +xC DA—EA)
V2 2

+[ZC \/_(DA +E), } [YC+ ! (D2 —EA)]2

+ [XC - %(DQﬁEQQ} +[YC + %(D?y_EQy)T-

Y

l\)

\S)
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FIG. 1. Self-testing circuit used for the proof of Lemma 1. The
unitaries Z*, X*, YA can be found in Appendix A.

Here the P,’s are Hermitian and so P, P, = P2. At maximal
value one has (¥ |B|y¥) = 6+/2 and so

Y (WIP[PY) =0. (12)

A

Since each term in the above is greater or equal to zero
we have Py|y) =0 for all A. Applying this to the SOS
decomposition (11) gives

C _ L A A _ L A A
ZCy) = ﬁ[Dz,x +EL]Iv) = ﬁ[Dz,y+ EX]IV), (13)
1 1
XCly) = E[Dﬁ,x -EX]lv) = E[Dﬁy +EXIv). (14)
1 1
YCly) = E[Eiy - Dy liv) = E[Ef,y — D, Jlv). (15

Since for any two unitary observables G; and G,, the com-
posite observables % and (3‘;2(52 anticommute by con-
struction, from the above three equations it follows that on
the support of state |1/) observables Z€, X©, and Y€ mutually
anticommute:

{(ZC, XY y) ={ZC, YY) = {(XE,YCHy) =0.  (16)

The conditions (13)—(15) and (16) allow us to construct a
local unitary which will give us our desired self-testing. This
unitary can be understood via the circuit of Fig. 1, and is based
on the swap gate introduced in Ref. [23] and is the same as
the circuit found in Ref. [28]. The unitaries Z*, X2, YA are
regularized versions of the operators

A A A A A A
_ Dz,x + Ez,x A _ Dz,x - Ez,x A _ EZ,}’ - Dzsy
V2o V2o V2
For example, Z” is obtained by setting all zero eigenvalues of
ZA to one and then defining Z* = Z*|Z*|~!. Using standard
techniques (see Appendix A), these can be shown to act in

the same way as the nonregularized versions. With this we are
ready to present the first of our self-testing lemmas.

ZA

Lemma 1. Letthe state |{) € Hc ® Ha and 1 outcome
observables X€, Y€, Z¢, DA ,EA , DA  EA , DA Eéy satisfy

Z,X> TZX? TXY? TXYy? Ty’

(WIBlY) = 63/2. (17)

Then there exist local auxiliary states |00) € [Hc @ He] ®
[Ha @ Ha] and a local unitary U such that

UllY) ®100)] = |§) ® [&+) 4, (18)
UIXS1y) ® 100)] = [£) ® o]0, (19)
UIZS1y) ® 100)] = |§) ® o |04 *, (20)

ULYS|9) ® 100)] = o [8) @ o [09)N, (21
where |£) takes the form

&) = 15) A @ [00)A" 4 &) A @ [11)CA", (22)

Note that the complex observable o, has an additional
o, measurement on the C” space, as expected from defini-
tion I1.3. Hence, the measurement Y can be understood as first
measuring o, on the state |§), whose outcome decides whether
+o, is performed on the state |®*). The probability that the
observables {oy, oy, 0,} are used rather than the transposed
measurements {ox, —0y, 0,} is given by the probability to
obtain +1 for the ¢ measurement. As mentioned in Sec. 11,
this probability remains unknown since one does not know the
precise form of |§) from the self-testing correlations alone.
The proof of Lemma 1 can be found in Appendix A.

B. Parallel self-testing of Pauli observables

The protocol described above can be extended to a parallel
self-test. Here our aim is to self-test the n-fold tensor product
of the maximally entangled state |®*)®" (which itself is a
maximally entangled state of dimension 2") and all com-
binations of n-fold tensor products of Pauli measurements
for Charlie, ie., 0;, ® 05, ® - - ® 0y, fori; =X, y, z. This is
achieved by an n-fold maximal parallel violation of the Bell
inequality used in Lemma 1. As a basis we use the techniques
of [37], where parallel self-testing of ox and o, observables
on the maximally entangled state was proven. Besides [37],
parallel self-testing of n-fold tensor products of maximally
entangled pairs of qubits has been presented in [24,38] and
in Ref. [25] for n = 2. This section can thus be seen as
an extension of these results to all three Pauli observables.
Although we use the term “self-testing” here, we will see
that simply performing the protocol of Lemma 1 in parallel
does not lead to a self-test according to definition II.3. In the
following subsection we correct this by adding additional Bell
state measurements between local subsystems.

The scenario we consider is as follows. Charlie and Alice
share the state |V) € Hc ® Ha. Charlie has a choice of 3"
measurements collected into the vector z = (21, 22, ..., Zn)
with z; = 1, 2, 3, and each measurement has 2" possible out-
comes given by ¢ = (cy, ¢2, ..., ¢,) with ¢; = £1. Similarly,
Alice has a choice of 6" measurements given by the vector
X = (x1,X2,...,Xx,) With x;, = 1,2,3,4,5,6, each with 2"
possible outputs given by a = (ay, az, ..., a,) with a; = £1.
Fixing a value of i we thus have three possible settings for
Charlie and six for Alice, corresponding to the self-test of the
previous section that we now perform in parallel. In order to
achieve this we will define an analogous Bell operator to (8)
for each value of i.
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To this end, we denote Charlie’s and Alice’s measurement
projectors by HSZ and H{:‘X, respectively. We then define the
following unitary observables for Charlie:

O|Z_ Z 1_[clz Z 1—Ic\z (23)

clci=+1 clci=—1

These operators can be understood as +1 valued observables
that depend on the output ¢; only for a particular choice of
input z, and are thus analogous to one of the three Pauli mea-
surements (given by the value z;) acting on the ith subspace of
the maximally entangled state. Next we define the operators

1
Zf =51 > O (24)
z|z;=1
iz (25
z|z;=2
1
Y€ = = > Oja. (26)
z|z;=3

that is, the average observables compatible with a particular
choice of z;.
Similarly for Alice we define the unitary observables

zlx— Z l_[a\x_ Z I—[alx (27

ala;=+1 ala;=
and the six operators

ZX! - 6" -1 E : Pl\x’ Zx,i_ 6" -1 z : Pl\x’

x|x;=1 X|x;=

zyt = 61— -1 Z Pl\xv Zyl - 6" o1 Z Pt\x; (28)

X|x;= X|x;=
Xyl - 6n -1 Z P; ifx. XY’ - 6" Gn—1 Z P1|x-
x|x; =5 X|x; =

We now consider Bell operators of the form

Bi =Z; (Dpy,; + Ei) + X (D5 — E5)

ZX,1

+Z7 (D) +EN;) —Yi (D —EN)
+ X (D +Eq) = Yi (DY —Eg)- (29)

This is simply the Bell inequality (8), for the inputs z; and
x; averaged over all compatible z and x. One can thus ob-
tain (¥ |Bi|¥) = 6+/2 for each i by taking n copies of the
maximally entangled state of dimension two and adopting the
previous measurement strategy (9) independently on each of
the copies. From the observation of maximal violation for
all i, a self-testing circuit (a parallel version of the circuit of
Lemma 1) can be constructed, see Fig. 4 in Appendix C. We
then have the following lemma.

Lemma 2. Let the state |Y/) € Hc ® Ha and operators ZC

XE, YC, DA ;. EA.. Doy, EA L DA .. ES; defined above
satlsfy
(W IBilY) = 62, (30)

for every i € {1, ...n}. Then there exists a local unitary U,
local registers [00) € ®/_[Hc @ He ]l ® [Hay ® Hal, and

a normalized state |£) such that

Ully) ®100)] = [§) ® [®L 9% ],
[ZC|¢ ® |00 ] — [ C//' ®;l:1 |¢+>C;A;]’
[XCHU ® |OO ] — [ C,j ®{1_1 |®+>C;A;]’
ULYSIv) ®100)] = 0, 1) ® [y @1y [99)5A].

forevery j € {1, 2, ...n}, where |&) takes the form

5) =Y 18" @ 13q) 31)
q

and the sum is over all bit strings g = (0, 1)".

The proof of the above Lemma can be found in Ap-
pendix C. Note that since the self-tested measurements are
extremal then the above statement must hold not only for
the operators Z;, X;, Y; but for each of the observables O,
appearing in their definition, which implies that the input z;
indeed corresponds to the desired Pauli measurement on the

"

c’ .
correct subspace. The measurement o, ’ on the state |§) again

. q. (o8
plays the role of deciding whether the measurement oy’ or

—oy’ is performed on the maximally entangled state. How-
ever, note that due to the form of |&), this is not guaranteed to
be correlated with the other measurements of o, on different
local subspaces. As a result, one cannot equate this freedom to
a local transposition on all of Charlie’s subsystems, as needed
from definition II.3. In the following section we show how
to overcome this problem by introducing additional measure-
ment for Alice.

C. Aligning reference frames

As mentioned, Lemma 2 suffers from one drawback,
namely that the y direction for each of Charlie’s local sub-
systems need not be aligned. For example, if we take the case
n = 2, Lemma 2 gives four possibilities for Charlie’s effective
measurements on the maximally entangled state given by
{ox, £oy, 0,} ® {0y, T0y, 0,}. The probability that each of
these strategies is used is unknown and could, for example,
be % for each. In this case, when the first subsystem measures
oy, the second subsystem has equal probability to measure
either oy or —oy. This lack of alignment is an artifact from
performing the protocol of Lemma 1 in parallel without trying
to introduce any dependencies between the n individual self-
tests. In the following we show that one can further restrict the
the state |£€) to be of the form

&) = |&) ®100---0)“A + &) @ [11--- )T (32)

by introducing additional Bell state measurements between
subsystems of Alice. Since |§) now has only two terms,
the flipping of the o, measurements is always correlated;
either none of the measurements are flipped (each subsystem
measures oy) or all the measurements are flipped (each sub-
system measures —oy). We note that an analogous result was
independently obtained in Ref. [31] (see Lemma 8§ therein)
using a similar approach.

To illustrate the basic idea let us again consider the case
n = 2, and assume we adopt the ideal measurement strategy
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FIG. 2. Graphical representation of the additional measurements
performed by Alice for x = ¢ and x = ¢. Boxes between subspaces
represent Bell state measurements.

[i.e., the strategy (9) in parallel]. We now add an additional
Bell state measurement for Alice which she performs on her
two halves of the maximally entangled states. If Alice receives
the outcome corresponding to the projector |®*)}d*|, via
entanglement swapping Charlie will hold the state |$™) in his
local subsystem (for the other outcomes he will hold a differ-
ent Bell state). This state has correlations (®*|oy ® ox|P*) =
+1, (®*]oy ® 0y| DY) = —1, (P]o, ® 0,|P*) = +1. Hence,
in order to reproduce these correlations, the direction of
Charlie’s two measurements of oy need to be correlated as
otherwise we would not have perfect anticorrelation for the
measurement oy ® oy. In the following we formalize this
intuition to strengthen Lemma 2 so that |£) is of the form (32).
The precise scenario we consider is the following. In
addition to the 6" measurements of Lemma 2 given by the
vector X, Alice has two extra measurements denoted by
x = ¢ and x = 4. These measurements have respectively 4m
and 4" outcomes, where m = 5] and m" = [ "5~ L], which
are grouped into the vectors a = (ay, as, .. am) and a =
(ar,as, ...,a,) witha; =0,1,2,3. We denote by I, and
[T, ¢ the projectors corresponding to the outcomes of these
measurements and define the projectors for/ =1, ..., n,

Star= Y Mo, Tia= > Tae. (33

a:q;=a* a:aq;=a*

that is, the projectors onto the the subspace corresponding to
a; = a* for the two measurements.

To generate our self-testing correlations we use the same
strategy as Lemma 2 for the inputs x and z. The two new
measurements for Alice x = ¢, 4 correspond to Bell state
measurements between successive pairs of qubits of her sys-
tem, where the Bell state measurements for the input ¢ are
shifted with respect to those for ¢ (see Fig. 2). Specifically,

—

5
Moo = X |We, )W,
1
1

é A21A21+1 ’ (35)

where {|Wo), |W1), [W2), [W3)} = {|®*), [®7), [¥F), [¥7)).
With this choice, the correlations are given by Table I, which
follow from the correlations of the four Bell states. We are
now ready for our final self-testing lemma (see Appendix D).

|A2171A21 (34)

-
Il

T=
|

TABLE 1. Elements of the table give correlation (¥|C ® R|¢)
where C is the operator labeling the column and R the operator
labeling the row.

1 ZZl* 1 ZZI XZIfl X21 YZI* 1 YZI
S0 : : =
S ; : -4 %
s. - i %
s - . -

1 ZZ! ZZI+ 1 XZI X21+ 1 YZI Y21+1
T ; ; ; =
T % i -4 %
T % - : :
T % - - -

Lemma 3. Letthe state |{) € Hc ® Ha and £1 outcome
observables X©, Y€, Z€ DA EZ, DA EA DA EA satisfy
the conditions of Lemma 2 so that |£) has the form (31). Fur-
thermore, let projectors S; .+ and T .+ satisfy the correlations

given in Table I for all /. Then |£) has the form
1§) = 160) ®10---0) + [51) @ [1---1). (36)

Note that |£) now has the form of definition I1.3 as desired.

D. Noise robustness

It is important to study the noise robustness of Lemmas 1-3
as it is impossible to achieve perfect self-testing correlations
in practice. In the same way as related works [25,26,37,38],
Lemma 1 and Lemma 2 can be made noise robust. In Ap-
pendix B we show how precise robustness bounds can be es-
timated for Lemma 1. For instance, if we have a nonmaximal
value (¥ |B|]y) = 642 — e, Eq. (18) from Lemma 1 becomes

1U (1) ® 100)) — e,

where ¢ = 55 + 36+/2. Similar statements can be derived for
Egs. (19)—(21). For robust statements of Lemma 2, we point
the reader to [37] where the same techniques can be applied
to our results to obtain polynomial robustness bounds; we do
not elaborate further here since such calculations are based on
well established methods and are not particularly enlighten-
ing. Concerning Lemma 3, we show that given a noise robust
Lemma 2, one can extend this to a robust version of Lemma 3
(see Appendix E). These robustness statements will become
relevant later in order to make the entanglement certification
protocols of Sec. III tolerant to experimental noise.

1£)CA @ 101N <

III. DEVICE-INDEPENDENT ENTANGLEMENT
CERTIFICATION

In this section we show how to make use of the preceding
self-testing results to construct device-independent entangle-
ment certification protocols for all bipartite entangled quan-
tum states. The precise scenario that we consider is a quantum
network featuring three bipartite states: 0B shared between
Alice and Bob, and two auxiliary states 0“*¢ and o®P shared
between Charlie and Alice, and Bob and Daisy, respectively.
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FIG. 3. Device-independent scenario for our entanglement certification protocol. The correlations p(c, a, b, d|z, x, y, w) are checked for
(i) maximal violation of a Bell inequality in each of the marginal distributions p(c, a|z, x), p(b, d|y, w) which via self-testing certifies that

the states o©40, gBoP

are maximally entangled and that the measurements of Charlie and Daisy are Pauli measurements, and (ii) violation of

an additional inequality Z[p(c, a, b, d|z, x = *, y = %, w)] where Alice and Bob perform the measurements x = x, y = %, which certifies the

entanglement of 0P given (i) is satisfied.

Denoting the set of linear operators on Hilbert space H by
B(H) we have QAB € B(Ha ® Hp), QCAO € B(Hc ® Ha,)s
and %P € B(Hg, ® Hp). We are interested in certifying the
entanglement of the state 0*® when placed in a line network
(see Fig. 3) featuring the auxiliary states 0“0 and o®P. In
such a network, the correlations {p(c, a, b, d|z, x, y, w)} are
given by

p(c,a,b,dlz,x,y, w)
=tr[M, @ Mitt @ Mp™ @ M5, 0“* @ 0" ® o™P],
37

where the M;; are the local measurement operators for each
party. In the device-independent scenario, one only has access
to the observed correlations p(c, a, b, d|z, x, y, w). Hence, a
device-independent certification of the entanglement of o*®
is possible only if the observed correlations cannot be repro-
duced by (37) for any separable o”B. That is, one must show

plc,a, b, d|z,x,y, w)
# tr [M[

clz

® M © M @ M7, 0 ® o5 © 0"
(38)

for any choice of separable o4, and any local measurement
operators M}, ; and auxiliary states 0" and 0P Note that
the auxiliary states may be entangled and that since we impose
no constraints on the dimension of the auxiliary systems in
Eq. (38), we may purify them and take all measurements to be
projective without loss of generality.

As we work in the device-independent scenario, all devices
are treated as black boxes that process classical information.
The precise assumptions we then make about the experiment
are as follows.

(1) States and measurements are described by quantum
mechanics.

(2) The rounds of the experiment are independent and
identically distributed (i.i.d.).

(3) The network of Fig. 3 correctly describes the experi-
mental setup.

The first two of these assumptions are standard in device-
independent studies (ideally one would like to drop the second
assumption, see [11,39] for some recent progress). The last
assumption is required so that we may write our probabilities
in the form (37). Physically this assumption means that one
is able to prepare the three states independently and that they
are trusted to interact in the way described by the network of
Fig. 3 (for example the state 9“* should only interact with
Charlie and Alice and not Bob or Daisy).

A. Certification protocols

We now present our entanglement certification protocols.
These can be seen as a device-independent extension of
the measurement-device-independent entanglement witnesses
(MDIEWs) presented in previous works [16—18]. There, mea-
surement devices are treated as black boxes, however inputs
are given as a set of known informationally complete quantum
states (in contrast to using classical variables as inputs). Then,
an entanglement certification protocol can be built for every
entangled state starting from an entanglement witness for the
state. However, since this scheme requires a set of trusted
input quantum states it is only partially device independent. To
see how these protocols can be made fully device independent
(i.e., how to remove the trust on the input states) consider
that in the network of Fig. 3 the auxiliary states are given
by maximally entangled states and that the complete set
of projectors for Charlie’s (Daisy’s) measurements form an
informationally complete set. This can in fact be certified
device independently using the self-testing protocols of the
first part of the paper (see Lemmas 1 and 3). With this, the
states that Alice (Bob) receives in the Hilbert space Ha, (Hs,)
conditioned on the different inputs and outputs of Charlie
(Daisy) also form an informationally complete set. By inter-
preting these states as the inputs in a MDIEW protocol, one is
essentially in the MDIEW scenario and the same techniques
can be applied. Here one has to be a bit careful due to the
issue of transposition encountered in the self-testing sections,
which we deal with in Appendix F.

We now formalize this intuition and move to the main
result of this section.

Main result. The entanglement of all bipartite entangled
states can be certified device independently in the network of
Fig. 3.

In order to show this, we give an explicit family of en-
tanglement certification protocols. The protocols we consider
have the same structure for all states and are summarized as
follows:

Entanglement certification protocol

(i) Generation of correlations. The parties perform local
measurements on their subsystems to obtain the correlations
p(c,a,b,d|z,x,y, w).

(ii) The following is then verified:

Self-testing. The marginal distributions p(c, alz, x) and
p(b, d|y, w) maximally violate a Bell inequality that certifies
that the auxiliary states each contain a maximally entangled
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state and that Charlie and Daisy each perform Pauli measure-
ments on their subsystems.

Entanglement certification. The correlations violate an ad-
ditional inequality Z(p(c, a, b, d|z, x, y, w) > O that certifies
0B is entangled.

For now, we have the unrealistic requirement that we have
a maximum violation of a Bell inequality in step (ii). This can
be weakened to allow for some noise on the statistics, which
we discuss in Sec. III D. We now describe in detail the above
protocol, starting with the case of two-qubit states.

B. Entanglement certification of all two-qubit entangled states

We start by defining the scenario in which we work. Charlie
and Daisy both have a choice of three measurements z, w =
1,2, 3 and Alice and Bob both have a choice of seven inputs
x,y=1,2,3,4,5,6, x. All outputs are 1 valued.

(i) Generation of correlations. To generate the correla-

tions in step (i) of the protocol, the parties chose oA =
oBP = |®d*)(®*|. Measurements for inputs z = 1,2,3 and
x =1,...,6 for Charlie and Alice should be chosen so that

the conditions of Lemma 1 are satisfied, i.e., given by the qubit
observables

z=1,2,3, (39)

aZ? va Gy

o,xox o,%xoy oxxoy
2V~

acting on the H¢ and H,, spaces, respectively. Measurements

for Daisy and Bob are defined analogously. Lastly, the mea-

surement operators for inputs x = %, y = % are projections
onto the maximally entangled state:

M = MRP = |o*)@*. (41)

(ii) Self-testing—Our next step is to define the Bell inequal-
ity used in step (ii) of the protocol. Here we focus on Charlie
and Alice; the Bell inequality used by Daisy and Bob is the
same. The inequality we consider is constructed by combining
three CHSH Bell inequalities [36]. Define the expectation
value for inputs z, x as

E..= Y_ cap(calzx). (42)
c,a==%1

We then define the triple CHSH Bell inequality
J=E +E2+E)—Ep
+Ei3+Eia—Ess+ Esy
+Eys+ Exe — Ezs+ Esp. (43)

Note that each line in the above is a CHSH inequality, and
each of Charlie’s inputs appears in two of the lines, and
that at this stage the inputs x, y = x remain unused. Using
the states and measurements above one finds J = 6ﬁ. Via
Lemma 1, this provides a self-test of the auxiliary states and
measurements of Charlie and Daisy defined in step (i), up to
local transposition.

Entanglement certification. Our next task is to construct the
inequality used in the final step of the protocol. The inequal-
ity is constructed from an entanglement witness YV for the
state 0*B. We thus have tr[Wo] > 0 for all separable states
o and tr[Wo”B] < 0. Consider the projectors 1., = %[]l +

x=1,...,6, (40)

co;] withc = £1 and z = 1, 2, 3, that is, projectors onto the
plus and minus eigenspaces of the Pauli operators. Since these
form an (overcomplete) basis of the set of Hermitian matrices,
any entanglement witness may be decomposed as

W= Z widw ez @ Tajw- 44)

cdzw

To define our inequality, we make use of the additional inputs
for both Alice and Bob x = x and y = *. The inequality is
then given by

T=Y o ple,+ +.dlz.x=+y=%w)>0 (45

cdzw

and is satisfied for all separable states but violated using 0.

We first show that one can achieve 7 < 0O for entangled
0"B. Using the states and measurements defined above one
has

ple,+,+,d|z, x =%,y =x, w)
= tr[7p; ® |DTNDT| ® | DTN D
7w | PN ® 0P @ [N D[] (46)

1
=gt [I07)®* ® | DN D* 7). ® 0™ ® 7y, ] (47)

1
= 1¢ etz @ map 0*1, (48)
where we have used trA[|<I>+)(CI>+|ni‘?j ®1] = %niT‘j in the
third and fourth line. One thus has

1 w
T= 12 D iy tlme: ® 7aw 0™, (49)

czdw

1
= tr[WoB] < 0, (50)

which follows from the fact that )V is an entanglement witness
for the state.

We now consider the case in which gap is separable. In
general, if the self-testing part of the protocol is satisfied then
one can show that

T = tr[W A(0?®)], (51)

where A is a local, positive map on separable quantum states
(see Appendix F 1 for details). Hence A (o) is a separable
state and Z > 0. A crucial observation in the proof of the
above is that although the measurements for Charlie and Daisy
are only certified via self-testing up to a possible transposition,
this uncertainty can be mapped to possible local transpositions
on the state o*B. Since local transpositions map separable
states to separable states, this ensures that a false-positive
certification of entanglement does not occur.

C. Entanglement certification of high dimensional states

The previous protocol for two-qubit states can be applied
in parallel to construct entanglement certification protocols
for bipartite states of any dimension. In the following we
construct protocols for states of local dimension 2" where n =
2,3, .... Since a state of local dimension d can be seen as a
particular case of a state of dimension 2" for some n > log, d
this implies a protocol for any dimension.
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The scenario we consider is as follows. Charlie and Daisy
each have 3" inputs, given by the vectors z = (zy, ..., 2,)
and w = (wy, ..., w,) with z;, w; =1, 2,3, each with 2"
outcomes given by ¢ = (¢, ..., ¢,) and d = (dy, d,) with
¢i,di = £1. Alice and Bob each have 6" inputs given by
the vectors X = (X1, ...,%,), Yy = (1, ..., yn) With x;, y; =
1,...,6, with outcomes a = (a;, ..., a,), b=(b1,...,b,)
with a;, b; = *1. Furthermore, Alice and Bob each have two
additional inputs x = ¢, # and y = ¢, # with 4L} and 4L"7"
outputs, respectively (as in Lemma 3), and inputs x = * and
y = * with outputs @ = £1, b = £1 [to be used in step (iii)
of the protocol].

(i) Generation of correlations. Since we will perform
the previous protocol in parallel, the Hilbert spaces of the
auxiliary systems are written as the tensor product of n
qubit spaces: Hc = ®;Hc,, Ha, = ®iHa,, (and similarly for
Daisy, Bob). The auxiliary states are then n-fold tensors of
maximally entangled states on each two-qubit subspace:

CiAoi Bo;Di
0N = @ DD TR, 0P = @ BTN

Measurements are a parallel version of the measurements (39)
and (40), i.e., they are given by n-fold tensor products of
the measurements (39) and (40), acting on each maximally
entangled state. For example z; = 1,2, 3 corresponds to a
measurement of o, ox, oy on the ith subsystem of Charlie
with outcome c¢;. As before, the measurements M., are
projections onto the maximally entangled state:

MY = M = |or) @, (52)

where here |®F) = 12 > lii) € He ® Ha,. Finally, the
measurements for the inputs x, y = ¢, ¢ are chosen to be ten-
sor products of Bell state measurements between successive
pairs of qubits of the local subsystems of Alice and Bob, and
where the Bell state measurements for the input { are shifted
with respect to those for 4 (see Fig. 2 and Sec. I C for more
details).

(ii) Self-testing. The Bell inequality is now a parallel ver-
sion of (43) (again we just describe the inequality for Charlie
and Alice). Define the average expectation value for the bits
¢i,a; given z; = 7, X; = x as

. 1
L = giert 2 D Ga p(ealzx).  (53)

le[=Z c,a

X|xi=x
For each i, we now have the triple CHSH Bell inequality:
Ji = Elll,l + Eti,z + Eé.l - Eé,z
+E\;+Ej,— Ej;+ Ej,
+Eys+Eye— Exs+ Ejg (54)

For the entanglement certification protocol we require maxi-
mum violation of each of these inequalities, i.e.,

> T =n6v2. (55)

i=1
We further require that the measurements x, y = {, ¢ cor-

rectly reproduce the Bell state measurement correlations given
in Table I, which is achieved by our chosen measurement

strategy and detailed in Sec. II C. With these conditions met,
we may apply Lemma 3 and move on to the entanglement
certification of oB.

(iii) Entanglement certification. Similarly to (44), we may
decompose an entanglement witness for 0% € ®;[Ha, ®
‘Hgp,] using tensor products of Pauli projectors as an (over-
complete) basis:

W= Z wglv Qi [nﬁ{?\lfl ® n’t]zi\lﬂf]' (56)

c,d,z,w

The inequality that is used to certify entanglement is then

I= )Y ofple+ +dz.x=xy=xw) >0 (57

c,dz,w

which for separable states gives
T =u[WA@E*™)] >0 (58)

where A is again a local positive map on separable states (see
Appendix F2 for a full proof). Note here that simply using
two-qubit strategy in parallel (i.e., using Lemma 2) without
the additional Bell state measurements for inputs x, y = {, ¢
would lead to problems. This is because the measurements
for Charlie and Daisy would be certified only up to possible
flipping of any number of their n o, measurements. When
mapping this uncertainty to the state 0B, this corresponds
to possible local transposition on part of a local subsystem
of 0B, which may map separable states to unphysical (non-
positive) states. Hence, the additional Bell state measurements
ensure that either none or all o, measurements are flipped,
corresponding to a transposition of the entire local subsystem
of 0*B so that the map A is positive on separable states.

Finally, we show that 7 is violated by o”B. Using the mea-
surement strategy above and that tra[|®*)}P*| ni’?j ®1] =
dlnifj for the maximally entangled state of dimension d, it is
straightforward to show using the same technique as (46)—(48)
that

1 . .
1= d_4 Z wz(‘;] tr [®i (T[Cl?llui ® ﬂz’lw,»)QAB] (59)

c,d,z,w

1
=5 tr[Wo”B] < 0, (60)

thus certifying the entanglement of 8.

D. Noise robust entanglement certification

A natural question to ask is whether the above certification
protocols can be extended to tolerate small amounts of ex-
perimental noise. Indeed, this can be achieved using robust
versions of Lemmas 1 and 3. The intuitive argument goes
as follows. Imagine each of our probabilities differ from the
ideal self-testing statistics by some small amount €. Then, the
states that Alice and Bob receive from the auxiliary systems
conditioned on Charlie’s and Daisy’s measurement outcomes
should be close to eigenstates of products of Pauli operators.
This implies that the analogous operator to VV appearing in
Eq. (60) is close to the desired witness, which can be used to
bound the maximum value of Z for separable states to be

T > —c(e) 61)

042336-9



BOWLES, SUPIC, CAVALCANTI, AND ACIN

PHYSICAL REVIEW A 98, 042336 (2018)

for some positive function c(€) such that ¢(0) = 0. Unsurpris-
ingly, this means that some weakly entangled states close to
the separable set are no longer certified by the method. The
amount of noise that can be tolerated by a typical state before
it can no longer be certified depends on the optimality of the
robustness bounds of the self-testing lemmas; given current
techniques the noise tolerance is expected to be small. For a
detailed proof and discussion of (61) see Appendix G. For a
specific analysis for the class of two-qubit Werner states, see
Appendix H.

IV. DISCUSSION AND CONCLUSION

We have shown that all bipartite entangled quantum states
are capable of producing correlations that cannot be obtained
using separable states by placing them in a larger network
of auxiliary states and using tools from self-testing and
measurement-device-independent entanglement witnesses. It
is desirable to strengthen the self-testing part of our protocol;
in particular, improved robustness bounds for self-testing
would immediately translate into better noise tolerance of
our protocols. One would most likely be able to achieve this
using the protocols presented in Ref. [31] where self-testing
statements for Pauli observables are presented with a robust-
ness scaling that is independent of n. Furthermore, the choice
of measurements used for self-testing could be made much
more efficient. In general, one needs d? linearly independent
projectors to form an informationally complete set, however
for local dimension 2" we make use of an overcomplete basis
of 6" projectors (coming from the tensor product of Pauli
projectors), a difference that is exponential in n. Hence, a
more efficient self-test of informationally complete sets of
measurements would improve the efficiency of the protocol.
Furthermore, given a particular state, one typically does not
need the full set of projectors in order to write an entanglement
witness for the state. It would therefore be interesting to study
self-testing protocols that certify only those projectors that ap-
pear in a particular decomposition of an entanglement witness.

Although we have focused on the task of entanglement
certification, our technique can in principle be applied to
other convex sets of quantum states other than the sepa-
rable set where linear witnesses can also be used. Due to
the ambiguity of local unitaries and local transpositions in
the self-testing part of our protocol, such sets would need
to be closed under local unitary operations and local transpo-
sitions (as is the case for the separable set). For example, one
could apply the same technique to certify entangled states with
negative partial transpose. Finally, it would also be interesting
to investigate the possibility of using our general technique
for other device-independent tasks, for example using similar
ideas to [40—42] to construct device-independent quantum key
distribution protocols, or to generalize our protocol for the
certification of genuine multipartite entanglement.
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APPENDIX A: PROOF OF LEMMA 1

In this Appendix we prove Lemma 1 from the main text.
Define the following operators:

7A _ Dﬁx+Eé\!x A _ DQX—EQX
Z,X ﬁ ) Z,X \/E )
A A A A
ZA — Dz,y + Ez,y A _ Dz,y - Ez,y (Al)
Z,y ﬁ ’ zy ﬁ )
A A A A
A Dx.y + Ex,y A _ Dx,y — Ex,y

XA = X T yA o
Xy J2 y V2
From (13)—(15) we have

Z) |y =219,

XA W) = X8, 1v). (A2)
Y2 ) = YR, l¥).
Hence, defining
Zh=278, XA=XM., YA=YD (A3)
we have from (13)-(16) the conditions
ZO)y =Z%y),  XCly) =XAy),  YC) = —YA ),
(A4)
{ZE XYYy =0, {ZE, YY) =0, (YO, X}y) =0,
(AS)
(ZM XMly) =0, {ZM YA y) =0, (YA XMy) =0.
(A6)

Note that the operators Z*, X, YA are not necessarily unitary.
We may define the regularized versions of these operators
ZA, XA, YA which are obtained from the original operators
by renormalizing all eigenvalues to £1 and setting any zero
eigenvalues to 1 (without changing the eigenvectors). Using
standard techniques (for example see [21,43]) one can show
that the regularized operators respect the same conditions, that
is,

ZCy) = ZMy), XClw) = XAY), YO = =Yy,
(A7)
{ZE XNy =0, {ZE YY) =0, (Y, XS}y) =0,
(A8)

(YA, XA y) = 0.
(A9)

{ZM XMy) =0, {ZA,YMy) =0,
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Let us prove the first equality from (A7), the other two being
analogous. The following chain of equalities is satisfied

122 = ZMN) ) = 1A — ZHAZM1) |
= |1 — 1Z*DIyY)]l (A10)
= ||(1 = 1Z°Z*)|y)
<A =ZZHy) =0, (All)

where the first equality comes from the fact that (Z‘L)A is
unitary, the second equality just uses the definition of 2A,
The third equality is equivalent to |ZCZ%| = |ZA|, which is
correct because ZC is unitary. The inequality is a consequence
of A < |A|, and finally the last equality is the consequence of
(A4).

J

We may now verify equations (18) to (22) of Lemma 1
using the above conditions. The precise isometry that we use
is shown in Fig. 1. We first verify that the circuit acts correctly
on the state |¢)*. Up to and including the second set of
controlled gates the circuit is the well known SWAP circuit,
and it is well known (see, e.g., [28]) that this extracts the
maximally entangled state in to the primed auxiliary systems.
At this point our state is thus

a1 +Z¢

SLI00)EA19) A 4 101) S T YARA @) + [10) A I YOXE$) A — 11N YOXOTARA ) A1 o)

From (A7)—(A9) it follows that YAXA|¢)CA

LH00)EA" 1) A 4 101)C A i YEXC|9) A 4 110)C A I YEXC ) A 4 [11)CA ) A ) ™

Finally the last two Hadamards lead to

—— 100y AT + i YEXENT + ZO)|y) A + 112 (1 —
2ﬁ[l 0 ( ) )Nr) [T1)~ 2 (

= YEXC|4)“? and so

as claimed. Following the same method and using (A7)—(A9), one easily verifies

UXC|y) A ®100)) =

UZC 9" ®100)) =

l++)¢ 7 |w>CA ® |oH) . (Al12)
Let us denote |¢)A = %[]1 + ZC]|y)CA. The third pair of
controlled gates evolves the system to
(A13)
iYEXE)(I 4 ZO)|y) M0 Y = [5)C M @ |9 (Al14)
|E>CC”AA” ® UC, |q)+>C’A'
|&->CC"AA” ® O,ZC'|CD+)C’A’. (AIS)

The case YC|)A ® |00) is a bit more involved. After the second pair of controlled gates the state is transformed to

) A
The third pair of controlled gates then transforms the state to

1 "N "N
00 C"A iYCXC CA + 101 C’A CA
_4ﬁ[| ) |®) 101)~ ™ |¢)

which is simplified by two last Hadamards to

——[100)S" A (1 + i YEXO) (1 + ZO)|y) A — 1) A (1 —

232

This thus concludes the proof of Lemma 1.

APPENDIX B: ROBUST VERSION OF LEMMA 1

Following the approach from [20,23] we study how
Lemma 1 is affected when the achieved Bell inequality (30)
violation is 6+/2 — €. Looking at SOS decomposition (11) one
can see that each of the terms must be smaller or equal to /€,
leading to

IZ€ = ZMIY)Il < Ve,

[(XE = XM < Ve, (B1)
IOYE + YM)[9) I < Ve,

+[10)S2 ) +

IYOXEL+ZOI) Moy |99 = o7 1)<

1 , N
—iYXE(1 4 ZO)|y) A6 C | H) N
NG ( W) -"oy | 97)

1D EAIYEXC ) Ao | oh)

o
®ol |

(A16)
1Z€ = ZM)y) |l < 2V,
IOXE = XMy || < 2V, (B2)
ICYE +YM) )1 < 2V,
HZE. XNy Il < (4 + 4v2)Ve,
HZE, YHY) I < (64 6v2)V/e, (B3)
HYS, XY I < (8 + 8v2) /e
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Let us first note that the error coming from the regularizing operators on Alice’s side is
12 = ZM ) = 1@ = ZDAZHIY) = (1= 1ZADIY) ] = 10 = 1Z°ZADI) ] < I = Z°ZHy) | = Ve,

and similarly for XA and YA, Taking this into account inequalities in the second line follow from the corresponding inequalities
in the first line and the triangle inequality |ja + b|| < |la|| + ||b]|. The first inequality in the third line is obtained through the

following chain of inequalities:
(ZEXE + XZ9)|y)|
SNZEXE = XM+ 1ZXA +

< Ve +IIXAZC

1
Sl e

—ZMY) ||+ 1(ZAXA
<2/e+

< Q+2V2) /e + 128 xA
+IXA@ZA = ZM ) | + 122 XA
< 4+ 4v2) /e

— XM

Note that if the violation of Bell inequality is 6+/2 — € not
all terms from the first line of (B1) can simultaneously be
equal to /€, but for our purposes a tight multiplicative factor
is not of primary interest. The second and the third inequality
from the third line of (B1) are derived in an analogous manner
as the first one, with the additional factors coming from the
convention used in Eq. (A3) which leads to

[@* -z < Ve,
[(X* =XE) ] < Ve,
(Y =Yl < ve

To check the error accumulated when obtaining the final
statement from Lemma 1 we will repeatedly use the triangle
inequality and bounds from (B1). To get (A12) the first
inequality from the second line of (B1) has to be used four
times, the second one is used twice, and the anticommuting
bound from the third line of (B1) has to be used once. To
obtain (A13) the second and the third inequality from the
second line and all three inequalities from the third line of
(B1) are each used twice. All together these bounds imply

U (WA @ 100)) — [£)CCA @ |+ A
< (55 +36v/2) /.

A similar asymptotic bounds can be obtained for the robust
versions of Eqs. (19), (21), and (20), the only difference being
in the number of times each of the inequalities from (B1) have
to be used.

APPENDIX C: PROOF OF LEMMA 2

The proof of Lemma 2 is split into two parts. The first part
proves the necessary self-testing relations between the state
and measurements needed to construct the self-testing circuit.
The second part verifies that the circuit acts as claimed.

XEZM) | + IXEZA
+ XAZM ) || + 1124 (XE —

—ZMY) | + I1@ZAXA +

= XM+ X4 @* -

=Z9I)l
XAwf ) + e

XAZM )+ —= U(Dﬁ,x +ER)XE = XMy |

ZMY) |+ ||<ZAXA +XAZM ) )

1. Self-testing relations

Here we follow closely the proof of [37], adapting it the
allow for additional o, measurements. We first define the
following sets of operators:

{Z(k)}k {Ol|z|zl - 1}
(X®), = (Oyulzi = 2}, 1)
[Y®), = (Ojalzi = 3),

for k =1,...,3" ! and ordered according to some relation
z < 7. Similarly we define

D®

Dy}, = (Pixlxi = 1),
(S}, = (Pixlxi = 23, (C2)
{D):}, = (Pislxi = 33,
{E;ly)z}z = {Pixlx; = 4},
{D)}, = (Pixlx; = 5. (C3)
{ED.}, = (Pixlxi = 6).

xy,i 1l

forl=1,...,6" ! ordered according to some relation x <
x'. Averaging over these sets we thus obtain the operators in
Egs. (24)—(28). We may now write

WIBIY) = 5= 16” 1 Z (wi[zP (DY, +EL))
k) (M @) k) (MO )
X (sz i sz l) Z (Dzy i Ezy z)
&) (@) ) &) (M @)
Y (Dzy i Ezy l) + X (ny i + Exy l)
YOO, —ED)Iv) =6v2 (4
foralli =1, ..., n. Note that since the maximum value of the

triple CHSH inequality is 6+/2 and that the above is a convex
mixture of triple CHSH inequalities for different k, [, for each

042336-12
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k, ! we have
<¢|[Z(k)(D(Z) + E(l) )—{-X(k)(D(l) _ E(l) )

&) (D O]

Z (Dzyt Ezy l)
*) (D @) (10 (O]

_Yi (Dzyi _Ezyt)+x (nyz +Exyl)

*) (my® (O]

—YP(DY), —ED)Iv) =6v2. (C5)

Now, we may again use the SOS decomposition (11) for each
i, k,lleading to

(O] 0] (O] )
+ . D/ .+E".

Z{k) — ZX,1 zX,1 — zy,i zy,i ’ c6
i) NG v) = 7 1v) (C6)
@) @) (O] @)

—E; /. D..+E
X(k) — ZX,1 ZX,1 — Xy,i Xy, i C7
;1Y) NG | 7 ), (CT)
Dyyi — Ejy. Dy — Ex
Yy = =y = =), ()

which we may write as
ZP1y) =2, 1),
Xy = X{, 1), (C9)
YOly) =Y 1),

where
Z(l) — Dilx)l E;lx)z
i+n \/5 ’
o _ Dl —ED, .
i+n ﬁ ’
" i — Eny
i) = =

As before, Egs. (C6)—(C8) imply mutual anticommuntation of
Alice’s operators:

(20 X0 =0, {20 Y0 =0, (X0 Y0 =0 ik
(C11)
Defining
()
’+” - 6" 1 ZZ’JF"’
in = 6,1,1 XEQ,,, (C12)
_ )
l+n — 6" 1 ZYH-"’
we have from (C9)
ZOW) = Zilv),
X1y = Xipaly), (C13)
YO) = =Yialv)

for all k. Note that the operators Z;,,, X; ., Yi+, are not nec-
essarily unitary. We therefore define the regularized versions

o
[+ =
o

) A
} Zitn } } Xitn H 1Y it Xign }7
[+ =

FIG. 4. Circuit diagram representing the local unitary of Lemma
2. The total unitary consists of applying this circuit for each i =
1,...,n,and k can be chosen to be any numberk = 1, ..., 3"~! (for
example k = 1).

of these operators, denoted by 2,-+,,, )A(,-Jr,l, and VH,,, which
using standard techniques (see for example [21,43]) can be
shown to have the same properties:

ZOW) = Zialyr),
XOgr) = Kigalvr), (C14)
YOI = =Yipalv).

At this point we are nearly ready to construct our self-testing
unitary. However, we still need to prove that P[(k> and Pj(k)
for P € {X,Y,Z} commute for i # j. Here we again use
the method of [37] to achieve this, which we restate here.
Note that for every i # j, if we fix z; = 1 and z; = 1, there
are 3"~ choices for Charlie’s measurement vector z. There
are thus 3"~ pairs of indices (k, k') such that operators Z?k)

and ka,) are built from the same set of orthogonal projectors
that commute by construction. We thus have 3"~2 equations
of the form

z021y) =29z 1y). (C15)

Choosing a pair (k, k') and using (C13) and the fact that
operators on Charlie and Alice’s subsystems commute we
then obtain

287, 510) = 28 Z,i 1), (C16)
Z,;ZPW) = 2,2 1), (C17)
Zn+jzn+i|w) = Zn+izn+j|W)- (C18)

In fact, by working backwards using different values of k, k'
and (C13) again, one sees

ZPZ280y) =281y vE K i # . (C19)
In the same fashion, one proves

XXy = XEXO ) VhK i # (C20)

YOYOl) = YOOl veki £ (€D
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XY gy = YOXO gy Vi KD # (C22)
XPZ 1) =Z8XP ) Ve i # ) (C23)
YPZOw) =2Vl VK # . (C24)

We have now finished the necessary groundwork to construct the self-testing circuit of Lemma 2.

2. Verification of circuit

The circuit we use (see Fig. 4) is a parallel version of the circuit used in the two qubit case. To prove that it functions correctly,
we make repeated use of the properties (C11), (C14), and (C19)—(C24). Before the action of the first controlled gate the system
is in state

1 y " , "
N A D IO D Dl (C25)
p.q,r,s€(0,1)"

and after the first controlled gate the state evolves to

1 N , " , "
s 2 [®L@) @ e N 9", (C26)

p.q.r,s€(0,1)
where p;(r;) is the ith element of string p(r). Hadamard gates evolve the state to
1 _ I , " LA
= O [® 1+ EDPZ)A+ D Zig)n el S N (C27)

23n
p.q,r,s€(0,1)"

and the second controlled gates lead to

1 N - , " , "
7 2 B X)W+ 1P Z) Ko W+ (1 Zi) ) A1) L) 1) 1) Y (C28)

p.q,r,s€(0,1)"
Relations (C14) and (C23) allow us to simplify this to

1 . N y " ' "
s 2 [EL ) (1 DM ZE) Ky (L CDTZE) ) Mip) ) 1N )M (C29)

p.q,r,s€(0,1)"

Unitarity and hermiticity of ng) implies (1 + ng))(]l - ka))|1//) = 0 and 4—11(]1 + Z;k))(]l + Z;k))hp) = %(]1 + ka))h//) so that for
every i the state of the system can be further simplified to obtain

1 . 7 . 4 4 ’ ”
= 2 B+ D2 K" 1) A1 I ) (C30)
p.q.5€0,1)"
This can be further simplified by using (C11) and (C20):

1 y " ' " 1 ‘A7 " "
w2 (S E+ZO) AT I I9N = o Y [EL 1+ Z) [ 190 i) s

P.q,s€(0,1)" 2 q.s€(0,1)"

g

(C31)

Already here the state of the primed auxiliaries (extraction auxiliaries in the following text) is n-fold tensor product of maximally
entangled pairs of qubits. Since the rest of the circuit does not affect extraction auxiliaries for the sake of simplicity it will be
omitted from the following expressions. Following the action of the third pair of controlled gates the system evolves to

— > [®L EYXE) (1 4+ Z°) (Vs Ks) 19 A 1) 1) (C32)
22 ¢,5€(0,1y"
By virtue of (C14), (C11), (C24), (C22), and (C23) this simplifies to
1 . i+Si " "
= 2 [®LEYOXE) T+ Z0) ) A (C33)
22 q,s€(0,1)"

Finally, at the end of the circuit, after the action of the second pair of Hadamards we have

1 _ o i+si O AT
T 2 (B e X (20 a9 (C34)
> g.5,..5€(0,1)
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Note that each term from the sum is characterized by a pair of strings (g, 5) and a set of pairs of strings E, such that q;f + s}’ =
q} + s} for every ¢”,s”,q’, s’ € E and every j. We show that the multiplicative factor in front of every term is equal to zero
whenever §’ # §'. Let us assume ¢’ = §’. The multiplicative factor for a term corresponding to a pair of strings ¢’, s’ is equal to

(= )X ez G5 = (—1)Xdwezi G = 41,

i.e., all the terms come with the same sign, since sum is over ¢’, s’ which have fixed q} + s} for every j. Contrarily, in case
g’ # § the multiplicative factor for a term corresponding to a pair of strings ¢’, s’ is equal to

+1 when st;:o,
F1 when st}zl,

= ! 5! o =/ ! ’ </ =/ !
(=) 2wz GO = (= 1) 2 ez T @GHDHE =45 — =0.

In this case value of s, determines the sign of the terms, and for half of the terms it is equal O (one sign) and for the half it is
equal to 1 (opposite sign). This means that only terms of the sum which survive are those corresponding to § = 5:

1 G (q:+5:) [+ i TSi - —\C"A”

= D[S (D@ Y OXE) I (14 Z0) 1y M 1gg) N (C35)
27 Geory

The sum has 23" different contributions (one for each triple g, s, ), but there are 227 different terms, meaning that each term has

contributions from 2" different pairs of strings (g, s). This reduces the multiplicative factor in front of the sum to 277 . After
summing over g, s and making some rearrangements the expression reduces to
1 . "
§)= =5 > [®L 1+ EDRYEOXE) 1+ Z0) 1) Mg . (C36)
© <01y

Finally, by returning the state of extraction auxiliary systems one obtains the statement from Lemma 2:
Ul ®100)] = 1€) @], |91 ™. (C37)

Before calculating the output of the circuit when the input is ka)lw) let us acknowledge that ng) V) = ZEI) |1) for any two [ and

k, which can be seen from (C14) which is satisfied for any k. The same holds for ka)hb) and Y,Fk)|w). By repeating the same
procedure as in the derivation above one can confirm two more statements from Lemma 2 for any k and j:

U[Z% 1) @ 100)] = 1€)[or @1, 19M5N], UXP ) @ 100)] = 1§)[or’ @, [95A].  (C38)

The situation when the input state is Yi.k) |[r) is a bit more complicated so more details of the derivation will be presented. After
the second pair of controlled gates the state of the system is

o 2 B+ D ZOY IR A+ D2 Alp SIS I sY. o (€39)
p.q,r,s€(0,1)

which due to Egs. (C11) and (C24) simplifies to

1 ; s S s O AT A
w2 B XO)YP M+ D ZE) K A+ D Zen)ln) A Ip) 1) Y I (C40)
p.q.r,s€(0,1)
(k) (k)
By using (C19) and (C11) and the fact that ]sz i and 11—22 i are projectors onto different eigenspaces of Zl(-k) the above reduces
to
a2 @YX+ Z) A ir e 1) 19 ¥ In?, (C41)

q,r,s€(0,1)"

where 1; is an n-element string whose jth element is one with all the other elements being zeros. The last expression can be
rewritten in the following way:

1 . 7 A7 " ”
5 X (@i YOXO (1 +Z0) 1) oy [y |01 54 1) 1)~ (C42)
2 g.5€(0,1y

Since the rest of the circuit does not affect the state of extraction auxiliaries we will drop it from the following few equations.
After applying the third pair of controlled gates on this state one obtains

1 . - A A . /" "
O [® YEXI) T (14 Z0) (Y Kie) 19 A1) 1) (C43)

2z q,s€(0,1)"
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which due to (C14) and anticommuting relations (C11) reduces to

S [ (YEOXOY T (14 Z0) ) A1) 1) (C44)

q,5€(0,1)"

L~|’—‘

&}
|

and at the end of the circuit following the action of the two last Hadamards this state transforms to

1
>

q,5.q4,5€(0,1)"

(_1)17,11f+§,s,[ n_l(lY(k)X(k))ql+S’+5”(ﬂ+Z(k))|w)CA]| )C”l )AU. (C45)

2

Here the same reasoning like the one preceding Eq. (C36) can be applied, the only difference being factor (i Yfk)Xl(k))‘s"/ . This
factor changes the sign of terms in (C36) which correspond to any string § for which §; = 1. The final form of the output of the

circuit when input is Y;k) [Y/) can be written as

1

_ - C. n "A T OV A
— Z [®;"=1(_1)‘1j (Il + (_l)qllYl(k)Xl(k))(]l +Zl{k))|w>CA]o,y J [®l:1|q>+)C,A,]|qq>C A (C46)
272
qe(0, 1y
which is equivalent to the formulation from Lemma 2:
(el " IAT
UYSI9)* 100)] = 0. 16)[0y S @, [@7) ], (C47)

which completes the proof.

APPENDIX D: PROOF OF LEMMA 3

Correlations (¥ |S; 4 |¥) = (¥ |S;.|¥) = }1 foreveryl € {1,...,m}anda € {0, 1, 2, 3}, given in Table I, imply that the norm
of states S; ,|) and T, ,|¢) is equal to % These correlations allow us to write

Siol¥) ~ H(1w) +Z50, 250 19) + X5 X 1) — Y5 Y 1)), (D1)

Since states |y), Z;’? I (k)|1//> ;’? lX;’;)W/), and ng) I (k)|1//) all have unit norm and are mutually orthogonal they can be seen
as a part of the basis of all states from H¢ ® H”. Moreover, S; o|y) has the same norm as the expression from the right-hand

side of ~ in Eq. (D1) which implies that

Srolv) = 2(1w) +Z51, Z5 1wy + X5 X5 1w — Y5, Y5 1v)). (D2)
The same reasoning leads to the following set of equations:

Si.ilv) = 1(1v) +2Z5),Z5)19) — X5 X5 1) + Y5 Y5 1) ), (D3)
Sialy) = 2(1v) — Z51,Z5 1w + X50, X 1) + Y5 Y5 1)), (D4)
Sislv) = 1(1v) — 251, 25 1w) — X0 X5 1) — Y5 Y5 1)), (D5)
Trolw) = 2(1v) + Z5'Z570 1w + XX 190 — YS'Y5, 1)), (D6)
Toaly) = (1) + Z5'Z5) 1w) — XEPXS 1wy + Y3V 1)), (D7)
Tialw) = 2(1v) — Z8'Z50 1v) + XX 190 + Y5 Y5 1)), (D8)
Tisly) = 219 — ZWZ55 10) — X§X5 1 1w) = YSY5 1)), (D9)

Equations (D2)—(D5) are equivalent to the following set of equations:
2y Zy' 1) = (S0 + Si1 = Si2 = Sia)lv), (D10a)
X5 X5 19) = (S1.0 — Sii + Si2 — Sia)lv), (D10b)
Y52 Y5210 = (—=Sio + Si1 + Si2 — Sia)lv). (D10c)
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Based on the last set of equations and the fact that {S; ,}, , is orthogonal set of projectors which all commute with all the
o ®) )y
perators from {Zj , Xj } .k, one can show that
X5 X282 251wy = X5 X5 (S10 + S — Sia — Sia)ly)
= (S10+S1.1 =812 —S13)S10 = Si.1 +Si2 = S3)lY)
= (S0 —Si.1 — Si2 +Si3)Y)

= =Y50, Y5 ). (DI1)
Starting from Egs. (D6)—(D9) one can obtain
k) (k k)= (k) k)ns (k)
XX ZZ5 1) = =YY ). (D12)

Equations (D11) and (D12) hold for every k and every [. Let us take / = 1 and check how Eq. (D11) affects vector |&;) =
1+ (—l)qfiYEk)XEk))(]l + ng))lw). Let us write it in the following form:
162) = Lres ® (1+ (=D YPXO) (1 +Z{9) @ (1 + (—=DZiYPOXE) (1 + Z8) 1v),

where Ly = ®7_5(1+ (—l)qfiYEk)XEk))(]l + ka)). Let us assume §; # ¢, and omit L for the sake of shorter exposition.
Then |&;) reads

V) £iYX 1) + Z0 ) £iYOXOZE 1) F i OXP ) + YEXPYEOXE ) £ iYOXOZE 1)
+YPXEYEXPZE 1) + Z01y) £iZYOXP ) + 20021y £iZPYEOXEZE ) + 5 YOXOZE )
+YPOXPZOYOXE ) + FiYOXPZOZE ) + YOXPZPYEXEZE ).

This expression can be written as a sum of expressions, each equal to 0. To show this let us rearrange Eq. (D11) for the case
[ = 1. It can be written in eight different ways, which are given below:

h”) + Yﬁk)Xﬁk)Zﬁk)ng)ng)Zék)|1//) =0, Yék)xgk)w/) + Yik)xgk)zﬁk)z(zk)“/f) =0,
ZE1y) + YOXPZOYEXP gy =0, YEXPZE W) + YIXPZE 1y = o,
YIOX Py + ZOYEXPZO ) = 0, YIOXOYEXE y) + 2020 1y) =0,
YIOXOZEO ) + Z0YOXP ) =0, YIOXOYEXEZP W) + 20 1y) = 0. (D13)

All these equations are obtained from Eq. (D11) by using commutation relations (C19), expressions (C14), anticommutation

2
relations (C11), and the fact that operators Pi(k) for P € {X, Y, Z} are reflections, defined by property Pi(k) = 1 on the support
of [¥).

Premise g # g, leads to conclusion |&;) = 0. In a completely analogous way, starting from Eq. (D11) one can show that
|&5) = O if there exists / such that gy;_; # g. Similarly, Eq. (D12) can be used to prove that |§;) = 0 if there exists / such that
G2 # Go+1- The only two states |g) which satisfy §y;—1 = o = go+1 are |g) = |0---0) and |g) = |1 - - - 1). This means that

&) =15) ®10---0) + &) @ 1---1), (D14)

which is exactly what had to be proven.

APPENDIX E: ROBUST VERSION OF LEMMA 3

In this Appendix we show how one can derive a noise robust version of Lemma 3 given a noise robust version of Lemma 2.
Specifically, we show that if each of the probabilities differ by at most n from the values in Table I one has

[ULIY) ®100)] — &) ® [®]_, [Pl < O(™)+ O(/n), (E1)
|U[,Z51y) ® 100)] — 18) ® [®;0,51 @1 [®%)]]| < O™) + O/, (E2)
|U[IXS51y) @ 100)] = 18) ® [®;0x @/ 19)]] < O(e™) + O(/n). (E3)

U, YS19) ® 100)] — 0,1E) ® [®,0,% @1, [#9)]]| < O™ + O(/n). (E4)

where |£) is the state given in Eq. (32),

1§) = 160) ®10---0) +[51) @ 1--- 1) (E5)
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and the scaling € (for some m) follows from a robust self-test of Lemma 2 (see following) given nonmaximal violation of
the triple CHSH Bell inequalities. Here we focus on proving (E1); a similar technique can be applied to the remaining three

equations. First, note that by writing |®}) = ®/_,|®*) and using the triangle inequality we have
IUY) ®100)] = &) @ @)1l = IUlIY) ® |00)] — &) @ |®;) + |§) @ |@;) — [§) @ |®}) | (E6)
< IUNY) ®100)] =€) @ |9 + 11§) @ |D;) — [§) ® |2, (E7)

where |£) is taken to be the state appearing in Lemma 2. The first term now gives the bound of order €” that follows from the
robust self-test of Lemma 2. We now focus on the second term, that is, we need to bound

&) — (150) ®10---0) + [&1) @ [1--- 1) ~ O(/).

Given that there is a positive n such that observed probabilities are at most n far from the values given in Table I, let us upper
bound the following expression:

I+ 2512y + Xp—1 Xy — Yoo 1 Yo

Stol¥) — ) Wf)H. (E8)

By definition it is equal to
((Sl o — (S1,0) + (S1,0Z21-1Z21) + (S1,0X0—1X21) — (Sp.0Y2—1Y) n I n (Zoi—1Zu) + (Xo—1Xor) — (Y1 Ya)

2 4 8
n (Zoj—1ZyXpi—1 X)) + (Koj—1 X Zo—1Zy) — (Zoy—1ZuY2-1Yu)
16
—(Yu_1YuZy_1Zs1) — (X1 X Yo 1 Yor) — (Yo Yo Xo—1 Xop) ) 12 (E9)
16

Observe now that
|(¥] ® (00))Z5—1Z5, 1Y) ® |00)|
= |((y| ® (00DU U (Zy—1Z5 %) ® 100))|

= (W] @ (00DU[U (Zu1Z519) ® 100)) — [8) @ [0 @ 0, 2 @1, [09)] +1E) ® [0, ® 0 * @, [09)]]|
< IULIW) ® [00)1I[ U (Za-1Z5 1) ©100)) — 1) ® [0: " @ o7 ®)_, [&H)] |
+ (Wl @ 00Ut — El @ [&_ ("] + ¢l ® [&]_, (*])IE) @ [0, @ 07 ®/_, 19Y)]]
< 0 + | UlIY) ® 100)] — 18) ® [, 199)] ]| 1E) @ [®0, @, [8%)]] < O(e™. (E10)

In the first line we just added a unitary which does not change the inner product, while in the second line we just added a zero
term. In the third line we used triangle and Cauchy-Schwartz inequalities. In the fourth line we again added a zero term and used
again triangle and Cauchy-Schwartz inequalities to obtain the fifth line. Using the same sequence of steps the equivalent bound
can be obtained for inner products of (Xy_1Xy;) and (Y2_1Y2) and also for all inner products from the third and fourth line of
(E9). All these inner products have absolute value as the one derived in Eq. (E10). Finally, to bound the first line from (E9) let
us assume the worst case correction of Table I, i.e.,

So)=1+n (SoZu-1Zy)=1—n  (SoXu1Xa)=3-—n (SoYuaYu)=—1+n.
In this case the value of the first line from (E9) is equal to 2n. By summing all the terms we obtain for (E8)

I+2Zy_1Z Xoi1 Xy = You1Y
S0l — + Lo 14o; + Roj—1 Ry 201 21|W)H<0(771/2+6m)- (B11)

4

Similar robust versions of Egs. (D3)—(D9) can be obtained, each having the same robustness bound. Furthermore, using triangle
inequality and relations analogous to (E11) the following bounds can be obtained:

1232125 1) = (Sto + 811 = Si2 = S|
=25, Z5 1) — Zu1Zul¥) + Zu-1Zul¥) — (Sio + St — Si2 — Sia)lY) |

< |NZ50\Z5 1) — ZoiaZol) || + 1Z21-1Zasl90) — (S0 + Sit — Si2 — Sia)lw)|

Zoj_1Zy + 1+ Xom 1 Xo — Yoo Yo Zoy 1 Zy + 1 — X1 Xy + Yo 1Yy

1 l¥) + n )

< 0(e’”)+'
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n 2oy 1Zy — T+ Xy Xy + Yo Yy

Zy1Zy — I — Xy 1 Xy

—Yu_1Yy

) [¥) +

Zoyy1Zo + 1+ Xoyo i Xog — Y1 Yo

SO+ ” <Sz,o -

Ly 1Zy — 1T — Xy X
H <Sl,2+ 20142 2182

4

4
<O0Mm'* +em),

and similarly

X5 X5 1) —

IYS2 Y5 19) — (=Sio +Si1 4+ Si2 = S | <

(S1,0 = Si1 4+ Si2 — S|

1 [¥) — (S0 +Si1 — Si2 — Si)lY) H

)W’)H n H (S“ ~ ZuaZy + 1= Xy Xy +Yzz—1Y21)W>H

4

- Y211Y21>W>H n H <Sz,3 N Zy1Zy — 1+ Xoo1 Xy + Y211Y21>W>”

4
(E12)

oM +em, (E13)
on'? +em). (E14)

The robust analog of (D11) is obtained through the following chain of inequalities:

0 vk ok 0 ik
||X§l)—lxél)zél)—lzél)|w> + Y5, Y5 ) I
= X5, X525, 25 1) —
+ Xg;)—lxgj)(sz,o +S11 =S =S¥

Xg) IX(k)(Sl 0+Si1—=S2—S3)Y)
+ Y5 Y5 1)

< O(Tl% +€") + ||X$)_1X(2];)(Sl.o + 811 — S = Si)l) + Y5 Y5 1) I

= 0(77% + ")+ |‘X(2/;)_1ng)(31,o +S11—Si2—Si)Y) —
+(Si0+S,1—S12—513)S10—S1,1 +Si12—Si3)Y) +

(S10+S11—Si12—53)S10—Si.1 +Si2 — Si3)Y)

FYSL YR | < 0(n: + ). (E15)

To obtain the first inequality we used (E12) and the fact that multiplication by a unitary (le h (k)) does not change the norm.
The last inequality is the consequence of (E13) and (E14) and the fact that S; o + S; 1 — S; 2 — S; 3 is a unitary operator. In a

similar manner one can obtain
k) (k k
X5 X1 2 25 1 1) +
Finally, to obtain (D14) for 2"
thus leading to the final bound.

116) — 1860) ®10---0) —

APPENDIX F: ENTANGLEMENT CERTIFICATION
PROOFS: QUBITS

1. Positivity of Z for separable states: qubits

Our aim is to prove that under maximal violation in step
(ii) of the protocol

I=) ol ple.+ +dlzx=+y=%w)>0 (F)

cduw

holds for all separable o”B. First, note that the projectors for
Charlie’s measurement can be compactly written

HS\/ZCN = Ué Z c|z ® 1)1 U, (F2)

where Uc is the local unitary from lemma 1 and m, are
projectors onto the Pauli eigenvectors, i.e., 77, = %[]1 + co,]
for o, = 03, 0%, oy. Thus, at maximum violation, the (subnor-
malized) states that Alice receives in the Ay spaces conditional

Y3 Yo )|
— 2 different values of / one of two inequalities (E15) and (E16) is used eight times [see (D13)],

E) @1

<O +em). (E16)

Il < On'*(n'* + ™)l

(

on a certain c, z are given by

T = = UA Zgé c|? U U, (F3)

where
ol = troco 1)1 [E)E|C AR, (F4)

Here we have used the property trc[|®*) ®*|C ® 1] = CT
We thus have

ple,+,+,d|z, x =%,y =%, w)

= MY} @ MY 7). ® 0" ® Typu] (F5)
= Ztl‘ A® BQé ® ( clz) ®QAB ® (nd\w) g ®Q§]’
J.k

(F6)

where A = %UAMf‘)fUl, B= %UBMT‘?U;. Now, assume

that 0B is product so that "B = 6 ® o (mixtures of such

042336-19



BOWLES, SUPIC, CAVALCANTI, AND ACIN

PHYSICAL REVIEW A 98, 042336 (2018)

states will be considered later). Then the above takes the form

Ztr nc‘z ® nd‘w A; ® By, (F7)

where
Aj = traa,a; (A Qg ®1a ® UA],
By = trgp,p; B P ® Ig, ® ng] (F8)

Note that A; and By are positive operators since A; can be
seen as a positive map applied to 6. Using this we may now
write Z as

T= Z Z Wl tr | nw ® nd‘w A; ® By] (F9)

jk cdzw
=3 o [ @ maw AY @B (F10)
jk cdzw
=Y u[WAY ®B[] >0 (F11)
jk
where the second equality follows from tr[X] = tr[X”], and

the final inequality follows from the fact that AJT" and BZ‘

. T - .
are positive operators and thus A;’ ® BkT‘ is a unnormalized
product state. Since Z is linear in 0*® one also has Z > 0 for

mixtures of product states and thus all separable states.

2. Positivity of Z for separable states: arbitrary dimension

The proof follows the same structure as for the qubit case.
As a consequence of Lemma 3, we have that Alice receives
the subnormalized steered states conditioned on z, ¢:

Tez = UA Zgg 700)" |Ua. (F12)
where we deﬁne
clz =Qi7, |Z and
ol = trorce [(@il)j1) [EXEIS CAo™], (F13)

and Bob has analogous states conditioned on Daisy’s input
and output. Now, the probabilities are given by
ple,+. +.dlz, x =%,y = *, w)

= MY @ M 7, @

=Ztr[A®BQ§®

Jj-k

B® Td\w] (F14)

( clz) ® QAB ® (ndlw) " ® QIE(]’

(F15)
B = IUBMBBO T

and A= ﬁUAMAOAUT B

+lx
0B = 0 ® o this takes the form

For separable

ple, +,+,djz, x =%,y =*,W)

=Y [y, ®mgh A @By, (F16)
J-k
where again we have the positive operators
AJ‘ = trAAOA(’)’ [AQé ® HA(’) ® UA]’
Bk = trBBoB})’ [B O’B ® ]136 ® ng] (F17)

Hence we find

I=YY oulr, @4, A ®B]  (FI8)
jk cdzw
=3 Y o[, ® mawA; @B (F19)
jk cdzw
=Y u[WA ®B[] >0 (F20)
Jk

Again, due to the linearity of Z in 0B, one has Z > 0 for all

separable states, completing the proof.

APPENDIX G: ROBUST ENTANGLEMENT
CERTIFICATION

In this Appendix we prove a relation (61) from the
main text. We start from robust self-testing statements for
Lemma 3:

|ULlw) ® 100)] - 16) ® [®1, &) ]| <
|0[Z8 ) ® j00)] - ®[af L 199 H]| <.
[U[XS19) ® 100)] - [af 1, 199 M| <o,
||U[YC|w>®|oo]—oZ’|s [0y @1y 109N] | <o
(G)

and similarly for Daisy’s measurements. These inequalities
imply

Ully) ® [00)] = &) ® [®@_|9T) ”]+|Q)
ULZ; 1) ® 100)] ®[GC 1o ]+ Q).

ULX; 1) ® [00)] = [8) @ [or @1, |0T) 5] + | €x ).

ULY,1¥) ® 00)] = [8) ® [oy /@, 195) 5] + |y, ).

(G2)

where |Q), |§sz ), |£A2xj) all have vector norm smaller than or
equal to 6. Let us concentrate on the first two equations from
(G2) to get

1+Z,
U[ ) ® I00>]

H:l:O';}
2

=5 ® [ @7_1@*)@‘*"} +l25).  ©3)

where
Qz7) = 3(1€2) £ [<2z,))
is such that

lez ) < 5 (<22, + mean) = (G4
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due to the triangle inequality. Let us also recall that
C.
I+0,’ 1
H 1) ® [ z —.
2 V2
(G5)

The subnormalized state Alice receives after Charlie measures
Z; and obtains %1 is

®?=1|<I>+>Cf‘*'} = [[[Yz.)]l =

tz,+ = tterce [US (V200741 + 95 )97 |
+Wz.2)(Q7 | + |97 )z.£])Ua]

= trerce [UL(Wz4) Wzl + A )Ua]. (G6)

It is useful to estimate trace norm ||M||; = tr |M| of operator
Az. For that purpose we use triangle inequality

185 1, = 1195 )95 |+ lwz4)(95 | + 95 Yz,
< ez ez |, + lvza(9z |,
+|ez )}zl (G7)

Let us now estimate the trace norm of each term separately,
starting from the first term

l19z )2z, = w ([92,)z,])) = v 12z, (2, )

- w(o5jaz)) <o

The first equality is just the definition of the trace norm,
the second uses positivity of |Q§j )(Q§/|, and the inequality
follows from (G4). Trace norm of the second term from (G7)
can be bounded in the following way:

0

Iz I, = (Jvza)ez [l )wzal) < .

J

where the inequality follows from (G4) and norm of |z +).
Finally, the trace norm of third term from (G7) is

925 Jwz<ll, = tr (/1 vz llvz)(23,)
1 0
= —=u (/e )7 ]) < —=
To get the last inequality we used the relation
192, )(%,|

ijez) ) <"

w (/19 ) =) |{e7]9)

where the last inequality comes from the fact that
|sz§/_ ) <sz§/ | /<sz§/_|sz§j> is a projector. Finally, (G7) reduces to

|a7 I, < V26 +6°. (G8)

An equivalent bound can be obtained when Charlie measures
X; or Y;. By rewriting (G7), we can see that Alice’s steered
states have the following form:

fc\z = Tez + Ac|z Ve, z,

where 7., are the ideal steered states given in Eq. (F12).
Depending on ¢ and z the operators A, are obtained by
tracing out Charlie’s system from the corresponding AP , with
P € {Z, X, Y}. For every ¢ and z the correction states Ac|z have
bounded trace norm

|dalls = [recer (A7), < |5,

The first inequality comes from the fact that trace norm cannot
increase by performing partial trace [44]. Similarly, Bob’s
steered states have form

< V20 + 62, (GY)

Taw = Tajw + Adjw,
I Aawlh < V26 + 62

Equipped with characterization of Alice’s and Bob’s steered
states let us estimate the lowest value of Z from (57) when
evaluated on a separable state 0% = Y, piof ® 05:

(G10)

= pr Z wed | M‘i“‘f ME(;? T ®0r ®oP ® 2w

c,d,z,w
—pr > oiyu Mt e
c,d,z,w
- nmseless"‘zpk Z zw tr [M+(\)*

c,d,z,w

+tr [M+‘|J* Tejz @ 05 ] tr [M;"* Agiw ® Qf] +tr [M+I* Az ® QAA] tr [ME‘;F Agiw ® Qf]}.

Thoiseless 18 the value Z would have in the ideal case & = 0. To
estimate how negative the total value of 7 given in Eq. (G11)
can be, we assume the worst case, i.e., Zyoiseless = 0 and all
other contributions give negative contribution. To bound the
absolute value of those contributions note that

|t [MA2 A ® 00]] < tr M2 A, @ 07

= [M3 A, @ o}

+|* (Tclz + Aclz) & Q}L ® Qx

® (taw + Aqiw) ]

clz ® 0; ] tr [M-H* Tdlw & Q)L]

(G11)
(
< MEM [ A @ 7]
< tr(|Aci) tr (7))
= | Aculll V20462 (G12)
The first line follows from the inequality | tr(A)| < tr|Al. To

obtain the third line we used Holder’s inequality tr(AB) <
|Allso |l Bll1 [45,46]. The fourth lines uses the fact that infinite
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Schatten norm of Mf‘)f is its maximal eigenvalue which

cannot be larger than one. Finally in the fifth line we used
the fact that o7 is a normalized state and (G9). By using the
same argumentation one can show that

| or [MA aw ® 0] ] < 5 (G13)
If we plug (G12) and (G13) and their analogs obtained by

transforming (z, ¢) <> (w, d) into (G11) we have that in the
worst case

T~ 0().

APPENDIX H: ENTANGLEMENT CERTIFICATION
OF TWO-QUBIT WERNER STATES

Here we analyze the effect of noise in the auxiliary states
when certifying the entanglement of the two-qubit Werner
states

ow(p) = pl®*X®*| + (1 - p)], (HI)

where |®F) = %(lOO) 4+ |11)). Note that the optimal entan-

glement witness for these state under white noise is
W=0,Q0,+0,80,+0, R0, +1. (H2)

One has Tr[Wpsgp] = 0 and Tr[Wow(p)l =1 — 3p. From
Egs. (G11)—~(G13) and taking the worst case, one can certify
entanglement using the above witness if

T < —12[(v/26 + 6%)* + 20 + 67, (H3)

where 6 quantifies the robustness of self-testing [see (G1)].
Here the number 12 comes from the number of terms in the
decomposition of the witness (H2) into products of Pauli pro-
jectors. Let us assume that the auxiliary states are also Werner
states with visibility 1. Assuming noiseless measurements,
one would expect to observe a value

I=L(A=3pm*+2n(1—n)+ (1 —n?), (HY

since there is probability n? that the auxiliary states both pro-
duce a maximally entangled state and if one or no maximally
entangled states are produced in the auxiliary states the value
of the inequality will be 1/16 or 1/64, respectively. Thus, one

6erit
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0.0024

0.0022

0.0020

0.0018

0.92 0.94 0.96 0.98 1.00

FIG. 5. Critical robustness of self-testing needed to certify the
entanglement of the Werner state with noise parameter 0.6 as a
function of the visibility of the auxiliary states.

is able to certify entanglement if
I=1(0=3pm*+2n(1 —n)+ (1 —n)*})
< —12[(v/26 + 6%)* + /20 + 62]. (H5)

This inequality gives the condition that needs to be satisfied in
order to be able to certify the entanglement of the state (H1).
Note that 6 will implicitly depend on 5 through some robust
self-testing statement. Given a particular n, one therefore
needs to ensure that there is a robust self-testing statement
with corresponding € smaller than some critical O given
by (HS). In Fig. 5 we plot the values of 6. for different
values of n and taking p = 0.6 (note that the state has a
local hidden variable model in the standard Bell scenario for
this visibility [47,48]). For n =1 we have 6 = 0 which is
below O.;. As one decreases 7, at some point the 6 given
by the robust self-testing statement will be above the critical
value and the method will not work. The question is then for
which value of n does this happen? Given the small values
of O this will likely happen for a value of n very close to
1. We do not go further into the analysis here; to get precise
numbers one could use the methods we present in Appendix B
or for better results try to extend the method in Ref. [33] to
the self-testing of measurements. We note however that very
high visibilities can be achieved experimentally, e.g., using
photonic setup visibilities of above 0.999 [49] and 0.997 [50]
have been reported.
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