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Outline Topics in quantum error correction
• Brief overview of quantum error correction 

fundamentals

• Review of Bacon-Shor subsystem codes
• Very brief glimpse of Honeycomb Floquet code
• Description of new family of Floquet codes 
Brief glimpses of other topics

• Wigner friend inequalities & non-local games
• T-designs



Quantum Error Correction: Rough Beginnings (1990s) 
Is Shor’s factoring algorithm more than a 
theoretical curiosity? 

– If nature doesn’t allow robust 
quantum computing, then no one will 
be able to ever run it 

“unless some unforeseen new physics is 
discovered, the implementation of error-
correcting codes will become exceedingly 
difficult as soon as one has to deal with 
more than a few gates” 

-Haroche & Raimond 

“if error correction is needed, this is 
inevitably dissipative and incoherent, and 
prevents quantum parallelism” 

“error correction in quantum computation 
cannot follow the recipes we learned for 
classical digital computers. ... we cannot, 
in general, tell whether two arbitrary 
quantum states differ, or not. Even if we 
were able to recognize errors, we cannot 
throw away the description of the error” 

- Landauer 



Qubits 

State picture
Qubits modeled by 2-dimensional vector 
space 
• Vectors are equivalent up to factors 
• Complex projective space 
Conventions
• Standard basis: {|0>, |1>}
• Alternative basis {|+>, |1>}

Qubit states: complex unit vectors 

Operator picture
Pauli Z operator |0><0| - |1><1|
• Eigenstates define standard basis 
• Pauli X operator |1><0| +|0><1|
• Eigenstates define alternative basis 
• Pauli group

n-qubit systems
• Tensor product of n single qubit 

systems
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stabilizer subsystem codes, codes that can be viewed as stabilizer codes in which only
some of the logical qubits are used to encode quantum information.

A. Stabilizer codes

Consider the generalized Pauli group PG acting on an n qubit system. Let S be a
subgroup of PG generated by r independent, commuting generators. The subgroup S

defines a code space C, the stabilizer subspace of S, the joint +1-eigensubspace of all
elements in S. The dimension of C is 2k where k = n � r.

Let CPG(S) be the centralizer of S, the set of elements in PG that commute with
all elements of S. We define k logical qubits encoded in C by specifying the logical
Pauli operators in PG that define the qubits. Any choice of elements outside S, but
commuting with S, that satisfy the Pauli commutation relations works. There are a
number of di↵erent ways of encoding, each with its own choice of logical operators.

The distance d of a quantum error-correcting code is the minimum number of single-
qubit error by which an element of the code space can be transformed into an orthogonal
element of the code space. The weight of a Pauli error e 2 PG is the number of qubits on
which a non-identity Pauli transformation acts. An [[n, k, d]]-quantum code can detect
up to weight d � 1 errors, and can correct errors of weight up to t satisfying 2t < d.

We now give the [[4, 2, 2]]-stabilizer code as an example since it will set us up well
for discussing the [[4, 1, 2]]-subsystem code. Consider a 4-qubit system consisting of
qubits q1,1, q1,2, q2,1, and q2,2. Let C be the joint +1-eigensubspace of the two stabilizer
generators

S
X = X1,1X1,2X2,1X2,2

S
Z = Z1,1Z2,1Z1,2Z2,2.

We may define logical operators that define two encoded qubits as:

X̃L1 = X1,1X2,1 , Z̃L1 = Z1,1Z1,2

X̃L2 = X1,1X1,2 , Z̃L2 = Z1,1Z2,1.

The reader may check that XL1, ZL1, XL2, and ZL2 are in CPG(S), satisfy the Pauli
commutation relations, and that the code distance is 2. A useful property of stabilizer
codes is that any operator that is the product of a logical operator and stabilizers
behaves on the code space in exactly the same way as the logical operator behaves on
the code space since the stabilizers commute with logical operators.

B. Error suppression with stabilizer codes

Let H0(t) be a problem Hamiltonian acting on an n-qubit system. Given an [[n, k, d]]-
stabilizer code, the Hamiltonian

H(t) = HL(t) + EPHsupp
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• Code space is the +1 eigenspace of the 
stabilizer operators

• Measurement of the stabilizers gives error 
syndrome
•  Fed to a decoding algorithm running on a  

classical (non-quantum) computer, which 
determines likely error and passes it to 
the controller, also running on a classical 
computer, of the quantum computer

[[4,2,2]] stabilizer error-detecting code 



[[4,1,2]] Bacon-Shor Subsystem code 
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X1,1X1,2

X2,1X2,2

Z1,1Z2,1 Z1,2Z2,2

1,1 1,2

2,1 2,2

FIG. 1. The gauge generators of the Bacon-Shor [[4, 1, 2]]-code consist of two-qubit operators

of type XX (ZZ) that couple qubits in a row (column).

X operators corresponding to linearly dependent sets of rows and all products of Z

operators corresponding to linearly dependent sets of columns.
The logical operators are chosen to be elements of C(G)\G, elements of the centralizer

of the gauge group that are not in the gauge group. Just as in the stabilizer code
case, there is freedom in the choice of logical operators. We define k logical qubits
by specifying logical Pauli operators in C(G) \ G that satisfy the Pauli commutation
relations.

It is useful to define auxiliary qubits, subspaces of the gauge subspace that are not
in the stabilizer subspace. These qubits will not be used to encode computational
information, but will be useful in analyzing subsystem codes.

Example: The [[4, 1, 2]]-stabilizer subsystem code.
The most familiar subsystem code is the Bacon-Shor [[9, 1, 3]]-code, the smallest

Bacon-Shor code that corrects single-qubit errors. For error suppression, codes that
only detect errors can be used, allowing us to consider the smallest error-detecting
Bacon-Shor code, the [[4, 1, 2]]-code, which detects single-qubit errors. This code has
been used before, by Brell et al. [16], as a gadget to obtain the Hamiltonians for the
toric code and Kitaev’s quantum double models as the low-energy limits of two-body
Hamiltonians.

The gauge group for the [[4, 1, 2]]-code is

G =
⌦
G

X

1 , G
X

2 , G
Z

1 , G
Z

2

↵
, (3)

which is generated by the gauge generators

G
X

1 = X1,1X1,2 , G
X

2 = X2,1X2,2 ,

G
Z

1 = Z1,1Z2,1 , G
Z

2 = Z1,2Z2,2 ,
(4)

shown in Figure 1. The stabilizer subgroup is generated by

S
X = X1,1X1,2X2,1X2,2 ,

S
Z = Z1,1Z2,1Z1,2Z2,2 .

(5)

The reader will recognize these stabilizers as those defining the [[4, 2, 2]]-stabilizer code.
The [[4, 1, 2]]-subsystem code encodes information in only one of the logical qubits of
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the [[4, 2, 2]]-stabilizer code. One choice of logical operators is

XL = X1,1X2,1 , ZL = Z1,1Z1,2 . (6)

A convenient choice of auxiliary operators is

XA = G
X

1 = X1,1X1,2 , ZA = G
Z

1 = Z1,1Z2,1 . (7)

These operators would have defined a logical qubit in a stabilizer code, but in the
subsystem code this qubit is not used to encode computational information.

Examples of larger subsystem codes with more complex structure will be given in
later sections.

III. TWO-LOCAL HAMILTONIANS FOR ERROR SUPPRESSION

Given a Hamiltonian H(t) we wish to encode to suppress errors and a specific sub-
system code, we create an encoded Hamiltonian HE(t) = HL(t)+Hsupp, where HL(t) is
obtained from H by replacing each operator in H with the corresponding operator for
the code and where Hsupp is a weighted sum of the gauge operators. Because the logical
operators commute with the gauge group, the evolution of the encoded subspace under
HE(t) is that of H(t) acting on an unencoded system, so the dynamics are correct.

Unlike the stabilizer code case, in which all the terms of Hsupp commute and there-
fore the Hamiltonian is known to be gapped, we must check that Hsupp has an energy
separation between the ground subspace and orthogonal subspaces. Because the gauge
group of any stabilizer subsystem code is generated by two-local operators, the suppres-
sion term Hsupp is always two local. As we will see, whether HL is two-local depends
on properties of H and of the subsystem code.

A. Suppression with the Bacon-Shor [[4, 1, 2]]-code

Consider an error-suppressing Hamiltonian that is a weighted sum of the gauge
generators, where the weights �i and ⌘i are real:

Hsupp = ��1G
X

1 � ⌘1G
Z

1 � �2G
X

2 � ⌘2G
Z

2

= ��1XA � ⌘1ZA � �2S
X

XA � ⌘2S
Z
ZA

= �(�1 + �2S
X)XA � (⌘1 + ⌘2S

Z)ZA ,

(8)

where the last line uses the relation G
X

2 = S
X

XA and G
Z

2 = S
Z
ZA. This Hamiltonian,

being a linear combination of the gauge generators, commutes with the stabilizers and
logical operators. It takes a block diagonal form in the eigenbasis of the stabilizers. The

Lower weight 
measurements at the 
expense of fewer logical 
qubits

Side note: Jiang & Rieffel (2017) “Non-commuting two-local Hamiltonians for quantum error suppression” used B-S codes to 
circumvent a no-go theorem for stabilizer codes, enabling more practically implementable error suppression in AQC

These stabilizers define a 
[[4,2,2]] stabilizer code. 
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Consider the generalized Pauli group PG acting on an n qubit system. Let S be a
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element of the code space. The weight of a Pauli error e 2 PG is the number of qubits on
which a non-identity Pauli transformation acts. An [[n, k, d]]-quantum code can detect
up to weight d � 1 errors, and can correct errors of weight up to t satisfying 2t < d.

We now give the [[4, 2, 2]]-stabilizer code as an example since it will set us up well
for discussing the [[4, 1, 2]]-subsystem code. Consider a 4-qubit system consisting of
qubits q1,1, q1,2, q2,1, and q2,2. Let C be the joint +1-eigensubspace of the two stabilizer
generators

S
X = X1,1X1,2X2,1X2,2

S
Z = Z1,1Z2,1Z1,2Z2,2.

We may define logical operators that define two encoded qubits as:

X̃L1 = X1,1X2,1 , Z̃L1 = Z1,1Z1,2
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codes is that any operator that is the product of a logical operator and stabilizers
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B. Error suppression with stabilizer codes

Let H0(t) be a problem Hamiltonian acting on an n-qubit system. Given an [[n, k, d]]-
stabilizer code, the Hamiltonian

H(t) = HL(t) + EPHsupp

Stabilizer code logical operators



BRIEF REVIEW OF BACON-SHOR 
SUBSYSTEM CODES



Bacon-Shor code

Gauge group generated by all 

nearest-neighbor 2-body

• XX checks (red, horizontal)

• ZZ checks (blue, vertical)

Special case of subsystem codes, which are a subclass of operator codes



Bacon-Shor code

X-type Z-type

Stabilizer group S
 - Center of gauge group
(elements of S that 
commute with all elements 
of S)

One stabilizer generating 
set
 - columns of XX operators, 
and  
 - rows of ZZ operators



Bacon-Shor code

Virtual qubit operators

Gauge qubits, 
in one-to-one 
correspondenc
e with 
plaquettes

Horizontal 
Stabilizer Qubit 
defined by a 
horizonal 𝑍̅ 
stabilizer (product 
of single qubit Z 
operators) and a 
vertical #𝑋 operator
(product of X ops)

Logical 
qubit for B-
S code 
logical #𝑋 
and 𝑍̅ ops

Vertical Stabilizer 
Qubit defined by a 
vertical 𝑍̅ stabilizer 
(product of X ops) 
and a horizontal #𝑋 
operator (product 
of Z ops)



Bacon-Shor code
Measurement schedule

Instantaneous Stabilizer Groups 
(ISGs)

Two rounds of measurement
 - Round 1: All XX checks (horizontal)
 - Round 2: All ZZ checks (vertical)

We are periodically moving between two different 
gauge fixings
- one where the X operators of all gauge qubits 
have been fixed, and  
- one where the Z operators of all gauge qubits 
have been fixed

Instantaneous Stabilizer Groups (ISGs)
 - Bacon-Shor stabilizers plus all X gauge qubit operators 
 - Bacon-Shor stabilizers plus all Z gauge qubit operators 



BRIEF GLIMPSE OF THE HONEYCOMB 
FLOQUET CODE

M. B. Hastings and J. Haah, Dynamically Generated Logical Qubits, 
Quantum 5, 564 (2021)



Honeycomb code

00

xx

0

1
22

1 1

1
0

0

0

2
0

1

22

2
0

1

y
z

1

1

2

0

0

2

Figure 1: Labeling of plaquettes and edges. Left side of figure shows three di�erent types of edges, x, y, z depending

on direction. Right side of figure shows hexagonal lattice. The hexagons have been labeled by 0, 1, 2 as described.

The slightly thicker longer line near the top connects two hexagons of type 0, and hence the edge under it is a type 0
edge.

1.2 Properties as Subsystem Code

A subsystem code is defined as follows. See [2] for the original reference, and [4] contains a useful review.
There are a set of operators (which correspond to measurements used in detecting and correcting errors)
called checks. These checks are products of Pauli operators on qubits. The checks generate a group
called the “gauge group.” The center of the gauge group is called the “stabilizer group.” The gauge
group can then be generated by the stabilizer group and by some other group which is isomorphic
to a tensor product of Pauli groups; this other group is regarded as acting on certain “gauge qubits.”
Nontrivial logical operators correspond to operators which commute with the gauge group but which
are not in the stabilizer group.

At this point, a remark on terminology is necessary. The term “gauge” is highly overloaded, being
used as above to describe a certain group in a subsystem code but also (and this will be useful for us
later) to describe a “gauge field” which is a certain operator defined in a Majorana representation; see
for example §2.3 of [10] though we will explicitly define what we mean by gauge fields in Section 1.5.
Thus, when we use the terms “gauge group” and “gauge qubit,” these will refer to the terms in the
above paragraph. We will continue to call the operators that we measure “checks,” rather than “gauge
operators” as they are sometimes called. We reserve the term “gauge field” for the operators defined
in Section 1.5.

Consider the honeycomb code on a torus with np hexagonal plaquettes. Then, there are are 2np

qubits. There are 3np edges; however, there is a redundancy of the checks since the product of all
checks is the identity. Hence, the gauge group has dimension 3np ≠ 1.

The product of checks on any cycle3 on the lattice is a stabilizer, and indeed these are all the
stabilizers. The stabilizers corresponding to homologically trivial paths are generated by paths on
plaquettes, and we call the corresponding operators “plaquette stabilizers.” However, there is again
a redundancy, as the product of all those plaquette stablizer is the identity. The stabilizer group is
generated by these plaquette stabilizers as well as by stabilizers for two homologically nontrivial cycles
wrapping different directions of the torus. Thus, the stabilizer group has dimension np + 1.

3A 1-chain is an assignment of 0 or 1 to each edge of the lattice, and a 1-cycle (or simply a cycle for short) is a 1-chain
whose boundary vanishes mod 2. Equivalently, a 1-chain is a cycle if, for every vertex, the number of edges incident to
that vertex which are assigned a 1 is even. By “product of checks on a cycle,” we mean the product over all edges with a
1, of the check on that edge. The ordering of the product may be chosen arbitrarily, as the result is the same up to a sign.

3

• Measure 2-qubit checks in 3 
rounds

• At each round, there is an 
instantaneous stabilizer group

• Logical information is carried 
safely from one round to the next 

•  -uses equivalence of logical 
operator representations when 
multiplying by stabilizers

• Periodic (Floquet) structure
• General construction for 3-valent 

graphs
• Are there other ways to construct 

Floquet codes?
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Figure 1: Labeling of plaquettes and edges. Left side of figure shows three di�erent types of edges, x, y, z depending

on direction. Right side of figure shows hexagonal lattice. The hexagons have been labeled by 0, 1, 2 as described.

The slightly thicker longer line near the top connects two hexagons of type 0, and hence the edge under it is a type 0
edge.

1.2 Properties as Subsystem Code

A subsystem code is defined as follows. See [2] for the original reference, and [4] contains a useful review.
There are a set of operators (which correspond to measurements used in detecting and correcting errors)
called checks. These checks are products of Pauli operators on qubits. The checks generate a group
called the “gauge group.” The center of the gauge group is called the “stabilizer group.” The gauge
group can then be generated by the stabilizer group and by some other group which is isomorphic
to a tensor product of Pauli groups; this other group is regarded as acting on certain “gauge qubits.”
Nontrivial logical operators correspond to operators which commute with the gauge group but which
are not in the stabilizer group.

At this point, a remark on terminology is necessary. The term “gauge” is highly overloaded, being
used as above to describe a certain group in a subsystem code but also (and this will be useful for us
later) to describe a “gauge field” which is a certain operator defined in a Majorana representation; see
for example §2.3 of [10] though we will explicitly define what we mean by gauge fields in Section 1.5.
Thus, when we use the terms “gauge group” and “gauge qubit,” these will refer to the terms in the
above paragraph. We will continue to call the operators that we measure “checks,” rather than “gauge
operators” as they are sometimes called. We reserve the term “gauge field” for the operators defined
in Section 1.5.

Consider the honeycomb code on a torus with np hexagonal plaquettes. Then, there are are 2np

qubits. There are 3np edges; however, there is a redundancy of the checks since the product of all
checks is the identity. Hence, the gauge group has dimension 3np ≠ 1.

The product of checks on any cycle3 on the lattice is a stabilizer, and indeed these are all the
stabilizers. The stabilizers corresponding to homologically trivial paths are generated by paths on
plaquettes, and we call the corresponding operators “plaquette stabilizers.” However, there is again
a redundancy, as the product of all those plaquette stablizer is the identity. The stabilizer group is
generated by these plaquette stabilizers as well as by stabilizers for two homologically nontrivial cycles
wrapping different directions of the torus. Thus, the stabilizer group has dimension np + 1.

3A 1-chain is an assignment of 0 or 1 to each edge of the lattice, and a 1-cycle (or simply a cycle for short) is a 1-chain
whose boundary vanishes mod 2. Equivalently, a 1-chain is a cycle if, for every vertex, the number of edges incident to
that vertex which are assigned a 1 is even. By “product of checks on a cycle,” we mean the product over all edges with a
1, of the check on that edge. The ordering of the product may be chosen arbitrarily, as the result is the same up to a sign.
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M. B. Hastings and J. Haah, "Dynamically generated 
logical qubits." Quantum 5 (2021)
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New family of Floquet codes 

• On a square lattice rather than a trivalent graph
• Add defects to Bacon- Shor codes to obtain dynamical logical qubits 
• Four rounds of measurement, alternating between X measurements and Z 

measurements

This work is part of a larger program trying to understand when one can define 
Floquet codes, when it is useful to do so, and subtleties with regard to defining 
their distance
Open question: General framework for constructing, and understanding, 
Floquet codes



Floquet-Bacon-Shor code
• To free up space for an additional logical qubit, we refrain from fixing one of 

the gauge degrees of freedom
– We introduce a “gauge defect”

• We need to do so carefully to ensure all Bacon-Shor stabilizers get measured 

Measurement schedule

Subset of 
horizontal XX 

checks

Subset of 
horizontal XX 

checks

Subset of 
vertical ZZ 

checks

Subset of 
vertical ZZ 

checks



A Floquet-Bacon-Shor code: one of the Instantaneous 
Stabilizer Group (ISG)

At any round, the ISG consists of
 - the usual Bacon-Shor stabilizers, 
 - the just measured check operators
 - all elements from previous ISGs that commute with 
the currently measured checks

 Any cell (or equivalently gauge qubit) colored either 
red or blue corresponds to gauge fixing its !𝑋 or 𝑍̅ 
operator respectively

Gauge qubits, in one-to-one 
correspondence with plaquettes



A Floquet-Bacon-Shor code: ISGs

Measurement schedule

Instantaneous Stabilizer Groups 
(ISGs)



A Floquet-Bacon-Shor code: preserving logical info

Preserving logical information from 
round to round

 - 𝑋! is in the ISG of round 0

 - 𝑍"𝑍! is in the ISG of round 1 (it is the 
single vertical blue bar in the picture)

 - 𝑍# is in the ISG of round 1

Each pair of successive rounds define 
a (generalized) Bacon-Shor codeRound 0 Round 1



A Floquet-Bacon-Shor code: relation between logical ops

Measurement schedule

Instantaneous Stabilizer Groups 
(ISGs)



Floquet-Bacon-Shor codes: distance

Instantaneous Stabilizer Groups (ISGs)

• Distance of each ISG is ~d if we place the defect in the center
• ~d/2 from hole to edge, and have a product of weight 2 check operators, so ~d 
• Warning: That does not mean that the entire code has distance d. 

• Better is the distance of the Bacon-Shor codes defined by two rounds, but still not 
sufficient

•  New paper by Fu & Gottesman on distances for Floquet codes: arXiv:2403.04163



More Floquet-Bacon-Shor codes

Measurement schedule

Instantaneous Stabilizer Groups 
(ISGs)



Further remarks on Floquet code constructions

• Floquet codes can be constructed from subsystem codes by introducing gauge 
defects

• Some errors can be self-corrected purely by measurement schedule
• Decoding hypergraph may require beyond standard MWPM/UF 

decodingtechniques
• Like the parent Bacon-Shor code, the Floquet-Bacon-Shor family of codes does 

not possess a threshold
Open questions
•  What are general schemes for constructing Floquet codes? When are 

there barriers? Is there a general framework?
• Can we construct Floquet LDPC codes?
• Remaining open questions with respect to distance of Floquet codes



BRIEF GLIMPSES OF OTHER TOPICS



Wigner’s friend inequalities & Experiments

26

Bong, Kok-Wei, Aníbal Utreras-Alarcón, Farzad Ghafari, Yeong-Cherng Liang, Nora Tischler, Eric G. Cavalcanti, Geoff J. Pryde, and Howard M. Wiseman. "A strong 
no-go theorem on the Wigner’s friend paradox." Nature Physics 16, 12 (2020)
H.M. Wiseman, E.G. Cavalcanti, E.G. Rieffel, A "thoughtful" Local Friendliness no-go theorem: a prospective experiment with new assumptions to suit, 
arXiv:2209.08491 (Accepted to Quantum)

• Wigner friend scenario recent work 
– new inequalities, with weaker assumptions than 

Bell’s inequalities
– Proof-of-principle experiments have been done: 

Single photon as friend

• Full experiment would combine AI and 
Quantum Computing
– QUALL-E

• Open research directions for intermediate 
experiments

• Ties with non-local games
– Connections with deep results in mathematics
– Applications to device/algorithm benchmarking

Alice QUALL-E Bob

q

m

(m̄)

(R)

(d)

(q)

Û

(Û�1)

x=[1]
or(2)

[a]

(a)

c

y

b

Polytope with 96 
extreme points 
and 932 facets

ARTICLES NATURE PHYSICS

Note that one could alternatively formulate Assumptions 2 and 
3 as a single, equivalent assumption, which has previously been 
coined ‘local agency’ in the context of Bell’s theorem24. Within the 
definitions of L and NSD, c, d play the formal role of the hidden 
variables λ in the usual derivation of Bell inequalities. However, we 
emphasize again that those correspond to observed events, and note 
that we make no assumption about hidden variables predetermin-
ing all measurement outcomes.

We call the set of correlations ℘(ab∣xy) that satisfy Assumptions 
1–3 the LF correlations.

Properties of LF correlations. Our key findings about the prop-
erties of LF correlations are as follows. (1) LF correlations are a 
superset of LHV correlations, and in general a strict superset, as we 
will show quantitatively in the next section. (2) LF correlations can 
always be characterized by a finite set of inequalities. (3) For N = 2 
measurement settings and any number of measurement outcomes, 
LF correlations are the same as LHV correlations. (4) For N = 3 
measurement settings and O = 2 outcomes, we fully characterize the 
LF correlations by deriving the associated inequalities and we show 
that they are a strict superset of LHV correlations (as illustrated in 
Fig. 3). We provide the derivations to these results in the Methods.

For N = 3 measurement settings and O = 2 outcomes, the set 
of LF correlations is a polytope with 932 facets. The facets can be 
grouped into nine inequivalent classes, each represented by a dif-
ferent inequality (provided in the Methods). These classes can be 
further grouped into categories, according to the measurement set-
tings involved, and whether the facets are Bell facets29. In Table 1, we 
list the categories of LF facets, ignoring all positivity facets, that is, 
the constraints that probabilities cannot be negative.

Quantum violations. We now search for quantum violations of 
the LF inequalities. To demonstrate that the set of LF correlations 
is strictly larger than the LHV correlations, we seek a state and mea-
surement choices such that a violation of a Bell non-LF inequality 
is exhibited without a violation in any of the LF inequalities. For 
experimental convenience, we consider two-qubit photon polariza-
tion states of the form

ρμ ¼ μ Φ"j i Φ"h jþ
1" μ
2

ð HVj i HVh jþ VHj i VHh jÞ ð1Þ

where Φ!j i ¼ ð HVj i! VHj iÞ=
ffiffiffi
2

p

I
, 0 ≤ μ ≤ 1, and H and V denote 

horizontal and vertical polarizations, respectively.
In Fig. 4 we display quantum violations for inequalities of all 

the categories in Table 1 for states ρμ. The specific inequalities and 
measurements considered are described in the Methods. Each of the 
inequalities considered is violated by some ρμ. In addition, we deter-
mine the strongest violations of the genuine LF inequalities allowed 
in quantum theory; those results are provided in Supplementary 
Section B.

In summary, if quantum measurements can be coherently per-
formed at the level of observers, quantum mechanics predicts the 
violation of the LF inequalities in EWFSs. This proves Theorem 1.

Experiment. We study the EWFS with three measurement settings 
(N = 3) in an experiment where the systems distributed between 
the two laboratories are polarization-encoded photons, the friends 
are photon paths within the set-up and the measurements by the 
superobservers are photon-detection measurements. Because the 
qubit composed of the two photon paths that represents each of our 
friends would not typically be considered a macroscopic, sentient 
observer as originally envisioned by Wigner, our experiment is best 
described as a proof-of-principle version of the EWFS. The experi-
ment lets us demonstrate the key properties of LF inequalities and 
its results generalize provided that quantum evolution is, in prin-
ciple, controllable on the scale of an observer. A fully rigorous dem-
onstration that the LF assumptions are untenable would require, in 
addition to a more plausible ‘observer’, implementing shot-by-shot 
randomized measurement settings and closing separation, effi-
ciency and freedom-of-choice loopholes, similarly to the case of Bell 
inequality violations30–32.

Our experimental set-up, which comprises a photon source and 
a measurement section, is illustrated in Fig. 5. The photon source, 
shown in the left half of Fig. 5, is designed to generate the quantum 
state ρμ of equation (1) with a tunable μ parameter. Details about 
this spontaneous parametric downconversion source are provided 
in the Methods.

The measurement section of the experimental set-up, shown in 
the right half of Fig. 5, consists of two copies of an apparatus, one 
belonging to Alice and Charlie and the other to Bob and Debbie. 
The measurement section serves two purposes. The first is to per-
form quantum state tomography to characterize the generated 
quantum state, as detailed in the Methods and Supplementary 
Section D. The second purpose is to perform the measurements of 

NS LF LHV

Fig. 3 | A two-dimensional slice of the space of correlations, illustrating 
the correlations discussed in this work. The solid areas depict a hierarchy 
of models: LHV28 correlations (green) are a subset of LF correlations (green 
and orange), which in turn are a subset of no-signalling39 correlations (NS, 
green, orange and purple). The red line bounds the correlations allowed 
by quantum theory on this slice. Note that, although the set of quantum 
correlations includes the LHV set, it does not include the LF set. Further 
details of this plot are discussed in Supplementary Section C).

Table 1 | Categories of inequalities for three binary-outcome 
measurement settings per party

Label Measurement 
settings

LF inequality? Bell facet?

Brukner (1 i, 1 j) Yes Yes
Semi-Brukner (1 i, 2 3) Yes Yes
Bell non-LF (2 3, 2 3) No Yes
I3322 (1 2 3, 1 2 3) Yes Yes

Genuine LF (1 2 3, 1 2 3) Yes No

The column ‘Measurement settings’ refers to the settings that appear in each inequality, with i, 
j!∈!{2, 3}. The third column specifies whether it is an LF inequality, and the fourth column specifies 
whether it is a facet of the Bell polytope. Each category represents inequalities with the same form 
up to arbitrary relabelling of measurement settings (for i, j!≠!1), outcomes and parties. The labels 
referring to each inequality are ‘Genuine LF’ for inequalities that are not facets of the LHV polytope 
for this scenario, ‘I3322’ for a type of Bell facet for the case of three binary-outcome measurement 
settings per party37 and ‘Brukner’, ‘Semi-Brukner’ and ‘Bell non-LF’ are inequivalent classes of 
CHSH-type inequalities38. Brukner inequalities are the type of inequalities considered by Brukner14. 
A semi-Brukner inequality has a simpler experimental realization than a Brukner inequality, as it 
only requires one of the parties to measure a friend (setting 1). Bell non-LF inequalities are Bell 
facets, but unlike the other categories, are not facets of LF.

NATURE PHYSICS | VOL 16 | DECEMBER 2020 | 1199–1205 | www.nature.com/naturephysics1202



Unitary Designs
• Unitary designs approximate Haar-random unitaries

– Uses(i) benchmarking quantum devices, (ii) reconstruction of quantum 
states/processes, (iii) quantum ML, (iv) subroutines for oracular QC, 

– t-design = order t approx. of Haar-random states/unitaries
– Qubits: Pauli group => 1-design. Clifford group => 2-design and 3-design

• Can we construct them via a "tabletop" linear optical experiment? No.
– Linear optical unitaries can only generate a 1-design => not sufficient for 

most applications of interest. E.g, no Clifford randomized benchmarking
• Result (translated from math literature): Any continuous (infinite closed) 2-design 

must be universal
– For m>2 modes: adding single gate to linear optics => universality => all t-

designs.
– We have 1-designs in linear optics or universality, nothing in between 

Saied et al., Advancing quantum networking: some tools and protocols for 
ideal and noisy photonic systems, Quantum Computing, Communication, 
and Simulation IV 12911, 37-65, 2024 & Saied et al (in preparation)



Operator entanglement

• Entanglement is generally with respect to a tensor decomposition
– Makes use of the partial trace

• In many physical settings, there are symmetries that mean that the 
appropriate model is not a tensor decomposition
– Example: photons (or bosons, more generally)
– Controversies as to how entanglement is best defined in these settings
– Partial trace not defined

• Operator entanglement
– Based on Gel’fand- Naimark-Segal (GNS) construction 
– Partial trace is replaced by restriction to a subalgebra

• Applications to resource theories, integrals of motion, scrambling, 
quantum chaos, out-of-time-correlators (OTOCs)

Select related references from QuAIL team and collaborators:
Anand et al., Quantum coherence as a signature of chaos. Phys. Rev. Research, 2021
Andreadaki et al., Scrambling of Algebras in Open Quantum Systems  PRA, 2023
Anand et al, Eigenstate phase transitions, operator space entanglement, and 
nonstabilizerness. (In preparation)



QUESTIONS?

Thank you for your attention!



A Historical Perspective

LAUNCH 
COMPLEX

GLOBAL 
CIRCULATION

Illiac IV – first massively parallel computer
• 64 64-bit FPUs and a single CPU
• 50 MFLOP peak, fastest computer at the 

time

Finding good problems and algorithms was 
challenging

Questions at the time:
• How broad will the applications be of 

massively parallel computing?
• Will computers ever be able to compete 

with wind tunnels?

NASA Ames director Hans Mark brought 
Illiac IV to NASA Ames in 1972



Quantum Computing R&D at NASA Ames
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Quantum-Enhanced
NASA Applications

Quantum Tools
& Programming

Novel Classical Solvers
& Simulators

Quantum Comm
& Networks

Quantum
Algorithms

Fundamental Physics 
Insights

Communication & Networks
Quantum networking  Distributed QC

Application Focus Areas
Planning and scheduling  Material science
Fault diagnosis  Machine learning

Software Tools & Algorithms
Quantum algorithm design Compiling to hardware
Mapping, parameter setting, error mitigation
Hybrid quantum-classical approaches

Solvers & Simulators
Physics-inspired classical solvers
HPC quantum circuit simulators

Physics Insights
Co-design quantum hardware

E. Rieffel et al. (2019), From Ansätze to Z-gates: A NASA view of quantum computing, Adv. in Parallel Computing 34, 133–160
R. Biswas et al. (2017), A NASA perspective on quantum computing: Opportunities and challenges, Parallel Computing 64, 81–98

QuAIL team has 
published 100+ 
peer-reviewed 

papers since 2012


