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One way to construct a maximal set of mutually unbiased bases (MUBs) in a prime-
power dimensional Hilbert space is by means of finite phase-space methods. MUBs
obtained in this way are covariant with respect to some subgroup of the group of
all affine symplectic phase-space transformations. However, this construction is not
canonical: as a consequence, many different choices of covariance subgroups are
possible. In particular, when the Hilbert space is 2" dimensional, it is known that
covariance with respect to the full group of affine symplectic phase-space trans-
formations can never be achieved. Here we show that in this case there exist two
essentially different choices of maximal subgroups admitting covariant MUBs. For
both of them, we explicitly construct a family of 2" covariant MUBs. We thus prove
that, contrary to the odd dimensional case, maximally covariant MUBs are very far
from being unique in even prime-power dimensions. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4977830]

. INTRODUCTION

The phase-space approach to finite-dimensional quantum mechanics is a very powerful tool in
describing quantum systems with finitely many degrees of freedom, and as such it has found numerous
applications in quantum tomography and quantum information theory.'~’ This approach works when
the Hilbert space of the system is H = £?(F), where F is any Galois field, and it employs the analogy of
H with the Hilbert space L*(R) of a free quantum particle moving along the real line. The similarity
is carried over by defining a finite dimensional counterpart of the usual Wigner map, and then
using it to establish a correspondence between states on # and functions on the finite phase-space
Q=F.

The Wigner map is only one instance of the many objects that can be adapted from the infinite
dimensional setting by simply turning the real numbers R into a finite field F with g elements. Other
examples of this correspondence are the finite Heisenberg group and its Schrodinger representation
on H,310 as well as the finite symplectic group and the associated metaplectic representation.!!~'6
The construction we are primarily interested in is the one that replaces the quadrature observables
on L?(R) with a set of ¢ + 1 complementary orthonormal bases on 7. Since such bases constitute
a set of ¢ + 1 mutually unbiased bases (MUBs), the phase-space approach provides a method for
constructing a maximal set of MUBs in the g-dimensional Hilbert space .!7-?!

Maximal sets of MUBs constructed on the model of quadrature observables are sometimes
referred to as stabilizer MUBs in order to point out their special nature among the family of all
maximal MUBs in H. Their associated orthogonal projections are in a one-to-one correspondence
with the set of the affine lines of Q in such a way that (1) all lines parallel to a given direction
correspond to projections onto a fixed basis and (2) two sets of parallel lines with different directions
correspond to projections onto different bases. Since there are ¢ + 1 directions in Q and g parallel
lines for each direction, all the g(g + 1) basis vectors are thus achieved.

Being an affine space over F, the finite phase-space €2 carries the action of the associated group
of translations V; this action clearly descends to the set of the affine lines of Q and hence to the

0022-2488/2017/58(3)/032201/17/$30.00 58, 032201-1 Published by AIP Publishing.


https://core.ac.uk/display/141689801?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1063/1.4977830
http://dx.doi.org/10.1063/1.4977830
http://dx.doi.org/10.1063/1.4977830
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4977830&domain=pdf&date_stamp=2017-03-22

032201-2 Carmeli, Schultz, and Toigo J. Math. Phys. 58, 032201 (2017)

corresponding stabilizer MUBs described in the previous paragraph. On the other hand, the group
V is represented on H by means of the Schrodinger representation (usually called Pauli or Weyl-
Heisenberg group in finite dimensions). Then, by their very definition, stabilizer MUBs are covariant
with respect to such a representation.

However, many possible unitarily inequivalent stabilizer MUBs can be defined over the same
phase-space Q. The source of this ambiguity relies entirely on the fact that one has quite many degrees
of freedom in the choice of the correspondence between the lines of Q and the bases in the MUBs.
It has been shown in Ref. 22 that each equivalence class of stabilizer MUBs can be identified by
means of a suitable multiplier of V, called a Weyl multiplier, which is uniquely determined by the
class at hand. One can thus access all the relevant information about some given stabilizer MUBs
by simply looking at the properties of their associated Weyl multiplier. This is a single function on
V x V compared to the g(g + 1) vectors of the MUBs.

One further property usually required from stabilizer MUBs is covariance with respect to addi-
tional symmetries of Q other than the phase-space translations. This comes from the fact that, being
an affine symplectic space, the phase-space Q2 also carries an action of the symplectic group SL(2, F)
and its subgroups. Not all stabilizer MUBs are covariant with respect to such an extended action, but
only some very restricted classes. In particular, if the field F has even characteristic, stabilizer MUBs
that are covariant with respect to the full group SL(2, F) do not exist at all.*>*

However, covariance with respect to certain subgroups of SL(2,F) is often a very impor-
tant requirement, which is at the basis of many recent applications to quantum error-correcting
codes,?*2% secure quantum key distributions,?’ entropic uncertainty relations,”®** MUB-balanced
states,3” sharply covariant MUBSs,?!32 and unitary designs.33'34 Hence, in the even characteristic case,
it is natural to look for all possible subgroups of SL(2, F) admitting covariant stabilizer MUBs.

In this paper, we solve this problem and show that in even characteristic, maximal covariance
subgroups are divided into two disjoint conjugacy classes, which are the finite analogues of the
maximal split and maximal nonsplit toruses of SL(2,R). As in the real case, these two kinds of
groups have essentially different actions on the affine lines of Q and, correspondingly, on their
respective covariant stabilizer MUBs. Indeed, while a split torus permutes the lines preserving two
fixed directions, a nonsplit one cycles all the directions, acting freely on them. On the MUB side, this
means that only maximal nonsplit toruses have a transitive action on the set of bases and thus are the
most feasible groups for applications.

The paper is organized as follows. In Section II we recall the essential facts about finite phase-
spaces, covariant MUBSs, and the relation between stabilizer MUBs and Weyl multipliers. In Section
III, we review the classification of all subgroups of SL(2, F) given in Refs. 35-37 and search among
them for those admitting covariant stabilizer MUBs in even characteristic. Section IV gives an explicit
picture of such subgroups, and it shows that they are either the split or nonsplit toruses in SL(2, F).
The paper concludes in Section V providing an explicit construction of some maximally covariant
stabilizer MUBSs in even characteristic. More precisely, we describe a family of ¢ inequivalent such
MUBSs, thus proving in particular that maximally covariant MUBs are not unique. This points out
a basic difference with the odd characteristic case, where a unique equivalence class of maximally
covariant stabilizer MUBs is known to exist.

Il. COVARIANT QUADRATURE SYSTEMS AND WEYL MULTIPLIERS

The present section is a brief exposition of the main facts of Ref. 22 that will be needed in the
following. We refer to Lang’s book>® for further details on finite fields and Galois theory.

Throughout the paper, F is a finite field with characteristic p. This implies that |F| = p” for some
positive integer n, where we denote by | - | the cardinality of a set. Moreover, F is an n-dimensional
vector space over its cyclic subfield Z,,. In this section, the characteristic p may be either even or odd.
However, our main results in Sections III-V will focus on the case p = 2.

The trace of F is the Z,-linear functional Tr: F — Z, with Tra = ¥/} o' We let w)p, be any p-
root of unity in the complex field C and assume w), to be fixed throughout the paper. Note that
wgm is a well defined quantity for all @ € F, and exactly p — 1 possible choices are available
for w,.
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A. Finite phase-space

In the following, the couple (€2, V) is always a 2-dimensional affine space over the field F, that
is:
— Vs a2-dimensional vector space over F;

— Qs a set carrying an action of the additive Abelian group V;
— the action of V on Q is free and transitive.

The translate of an element x € Q2 by means of a vector v € V is denoted by x + v. Clearly, |Q|=|V|=
|F|2.
We let D be the directions of Q, that is, the set of 1-dimensional subspaces of V,

D={DcV|D={ad|a €F} for some nonzerod € V}.

If x € Q, the affine line (or simply line) passing through x and parallel to the direction D € D is the
subset x + D={x + d|d € D}. There are |D| = |F| + 1 directions in Q, hence |F| + 1 different lines
passing through x. Moreover, for a fixed direction D € D, there are |F| disjoint lines parallel to D,
which form a partition Lp(€Q) of Q. The set L(Q) = JpepLp(Q) is the collection of all the lines of
Q; its cardinality is |[L(2)| = [F|(|F| + 1).

B. Quadrature systems

Suppose H is a finite dimensional Hilbert space with prime-power dimension dim H =p". A
standard way to describe maximal sets of p" + 1 MUBs in H is to take the field F with |F| =p”
elements and label each vector of the maximal MUBs with a line of €, in such a way that

— the |F| vectors in the same basis correspond to the lines parallel to a fixed direction;
— different bases of the |F| + 1 MUBs correspond to different directions.

Changing the labelings of the same MUBs clearly amounts to permuting the bases and the vectors
within them. We remark that, in our approach, we regard MUBs with different labelings as essentially
distinct. Anyway, we will not take care of irrelevant phase factors occurring in the vectors of the
bases. For this purpose, the most convenient definition of MUBs is in terms of their associated rank-1
orthogonal projections as follows.

Definition 1. A quadrature system (or simply quadratures) for the 2-dimensional affine space
(Q, V) over F and acting on the |F|-dimensional Hilbert space H is a map Q : L(Q) — L(H), where
L(H) is the set of the linear operators on H, such that

(i) QQ) is a rank-1 orthogonal projection for all 1 € L(Q);
(ii) forallDe D,

QM =1,

1eLp(Q)
where 1 € L(H) is the identity operator of H;
(iii)  for all D1,D, € D with D1 # D>,

1
tr [Q(I])Q(Iz)] = ﬁ lf [ € LD1 Q) and 1, ELDZ(Q),

where tr [-] denotes the Hilbert space trace.

If Q is a quadrature system for the affine space (Q, V), its restriction Qp = Q| L@ 1S @ spectral
map projecting onto an orthogonal basis, and the spectral maps Qp, and Qp, project onto two MUBs
if Dy #D,. A quadrature system thus associates the |F| + 1 directions of Q with a maximal set of
MUBs in ‘H.

We will regard two unitarily conjugate quadrature systems as essentially the same object. That is,
if Q; and Q) are two quadratures for the same affine space (Q, V), acting on possibly different Hilbert
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spaces H) and H,, we say that Q; and Q, are equivalent if there is a unitary operator U: H | — H
such that
QO =UQ,(HU* YieL(Q). 1

C. Symmetries

The natural symmetry group of the affine space (Q, V) is the affine group GL(V) > V, which is
the semidirect product of the group GL(V) of all invertible F-linear maps of V with the translation
group V itself (where V is the normal factor). The action of GL(V) = V on Q is the extension of the
action of V by translations; it depends on the choice of an origin o € Q and, once o is fixed, it is given
by

(A, V) - x=0+A@Uy +V)  VxeQ, (A, v)eGL(V) =V,

where u,  is the unique vector such that x = o + u,, ,. By means of this formula, we can also define
an action of GL(V) = V on L(Q), that is,

(A, v)-x+D)=(A,v)-x+AD Vx+DeL(Q), (A, v)eGL(V)~ V.

Covariance of a quadrature system is then understood with respect to the latter group action.

Definition 2. Let G C GL(V) x V be any subgroup. A quadrature system Q for the affine space

(Q, V) acting on the Hilbert space H is G-covariant if there exists a unitary projective representation
U of G on H such that

Qg-DH=UEQMUE)"  VIeL( ), g€GC. )

The choice of the unitary operator U(g) in (2) is unique up to multiplication by an arbitrary
phase factor depending on g (see Ref. 22, Proposition 3.3); this explains the necessity of dealing with
projective representations. We denote by Qg(£2) the set of all G-covariant quadrature systems for
the affine space (2, V). If G=V is the group of phase space translations, a V-covariant quadrature
system projects on a set of stabilizer MUBs (or states, codes) in the terminology of Refs. 24-26 and
31-33. Quite many different covariant quadrature systems are then known to exist in this case.!3??
The essential point is that, by enlarging the covariance group G to include elements of GL(V), it may
happen that the set Q;(Q2) becomes empty.

It is known that in characteristic p # 2 there is a unique maximal subgroup Gy € GL(V) making
the set Qg,v(£2) nonempty, that is, the group Go = SL(V) of unit determinant elements in GL(V)
(see Ref. 18, Appendix B). In characteristic p = 2, however, we have Qs (v).v(£2) =0 by Ref. 22,
Theorem 7.5, and the problem of finding all the subgroups Gy € GL(V) admitting (Go > V') -covariant
quadrature systems is open up to now. The objective of the present paper is to solve this question and
thus completely determine the set

G ={Go c GL(V) | G is a subgroup and Qg ..,/ (Q2) # 0} 3)

in even characteristic. Note that also in this case any Gy € G must be a subgroup of SL(V) by Ref.
22, Proposition 7.1. Moreover, the set G is nontrivial, since by Theorem 8.4 of the same reference,
the nonsplit toruses of SL(V) are elements of G. The contribution of the present paper is to show that
nonsplit toruses actually do not exhaust the set G, but they are just “one half” of it.

D. V-covariant quadratures and Weyl multipliers

Our approach to the problem of determining the set G relies on the classification of V-covariant
quadrature systems by means of suitably defined associated multipliers, a topic that was extensively
exposed in Ref. 22. Here we briefly recall the essential points.

Theorem 1 (Ref. 22, Propositions 4.2 and 4.6). Suppose Q is a V-covariant quadrature system
for the affine space (Q, V) acting on the Hilbert space H. Let o € Q be any point. Then there exists
a unique projective unitary representation W, of V on H such that



032201-5 Carmeli, Schultz, and Toigo J. Math. Phys. 58, 032201 (2017)

(W.1) W,(v\)QOW,(v)*=Q + V) forall e L(Q) and Ve V;
(W.2) Wo(d)Q(o + D) = Q(o + D) for all D € D and d € D.

The multiplier m of the projective representation W, does not depend on the choice of the point o,
and it satisfies the following two relations:

(M.1) for any D e D, m(d;,d>) = 1 forall d;,d; € D;

(M.2)m(u, v)m(v,u) = wgrs(“’v)for allu,v € V, where S is a symplectic form** on V which is uniquely
determined.

We recall that the multiplier of W, is the function m:V X V — {z € C| zz =1} such that
W,o(u + v) =m(u, v)W,(0) W, (v) Yu,veV.
It satisfies the cocycle relation
m(u+ v,w)m(u,v)=m(ua, v+ w)m(v,w) Yu,v,weV.

By items (M.1) and (M.2), the projective representation W, has the following two additional
properties:

(W.3) the restriction W,|p is an ordinary (i.e., nonprojective) representation of D for all D € D;

(W.4) W, satisfies the commutation relation
WoW,(V) =y VW, (WW,(m)  Vu,veV.

A projective unitary representation of V with properties (W.3) and (W.4) is called a Weyl system
for the symplectic space (V, S). The Weyl system W, satisfying the additional conditions (W.1) and
(W.2) is then said to be associated with the V-covariant quadratures Q and cenfered at 0. Accordingly,
any multiplier m of the additive Abelian group V which satisfies items (M.1) and (M.2) of Theorem
1 is called a Weyl multiplier for the symplectic space (V,S). Theorem 1 then asserts that, through
any associated centered Weyl system, an element Qe Qy (Q) defines a symplectic form S on V and
a Weyl multiplier m for (V, S) in an unambiguous way. We call such S and m the symplectic form
and Weyl multiplier associated with Q. It is easy to check that if Q;, Q,€ Qy(Q) are equivalent in
the sense of (1), then the symplectic forms and Weyl multipliers associated with Q; and Q; are the
same. Remarkably, the converse of this fact also holds.

Theorem 2 (Ref. 22, Theorem 6.3). Let S be a symplectic form on 'V, and m a Weyl multiplier for
(V, S). Then there exists a unique equivalence class Qy(Q, S, m) of V-covariant quadrature systems
for (Q, V) having S and m as the associated form and multiplier.

For any symplectic form S on V, Weyl multipliers m for (V,S) exist by Ref. 22, Proposition
6.1 (see also (6) and Section V below for some explicit constructions of m). Hence the set
Qyv(Q) D Qy(Q,S,m) is always nonempty. But what really matters in the equivalence class of a
V-covariant quadrature system is its Weyl multiplier and not its associated symplectic form. In fact, it
is easy to see that for the same symplectic space (V,S), there exist quite many different Weyl multipli-
ers. In other words, if we write Qy(Q, S) for the totality of V-covariant quadrature systems having S
as the associated symplectic form, in the chain of inclusions Qy(Q) > Qy(Q, S) D Qy(Q, S, m), only
the latter set is made of a single equivalence class of quadratures.

Remark 1. According to our definition, two quadrature systems Q and Q, are equivalent if they
are unitarily conjugate as functions Q; : L(Q) — L(H) (see (1)). This condition is much stronger than
only requiring the two sets of rank-1 projections ran Q; = {Q;(1) | 1 € L(Q)} (i = 1,2) to be unitarily
conjugate. Actually, if Q1,Q; € Qy(Q), then ran Q and ran Q, are always unitarily conjugate as
unordered sets, regardless of the associated symplectic forms and Weyl multipliers (see Ref. 22,
Theorem 7.9).



032201-6 Carmeli, Schultz, and Toigo J. Math. Phys. 58, 032201 (2017)

E. The explicit form of V-covariant quadratures

We assume that the quadrature system Q € Qy(Q, S,m) is given and acts on the Hilbert space
H . In order to write down Q explicitly, we need to choose
— anorigino€Q;
— asymplectic basis of (V,S), i.e., an F-linear basis {ej, e} of V such that S(e;, e;) = 1;
— aunit vector ¢g € H in the range of Q(o + Fe;), where Fe; = {@e; | @ € F} is the direction in V
along e;.

After this preparation, if W, is the Weyl system associated with Q and centered at o, we set
¢y =Wo(ye)¢o  Vy€eF.
We then have ¢, €ran[W,(ye;)Q(o + Fey)] =ran [Q(o + ye; + Fe;)] by covariance of Q. Since
Lre,(Q) = {o+7ye; +Fe, | y € F}, by properties (i) and (ii) of a quadrature system, the vectors {¢, |y € F}
form an orthonormal basis of . In this basis, the Weyl system W, is given by
Wolaie + azer)dy, =m(ae, azez)w;Trazy¢y+a] Yay, a2 €F. 4)
Indeed,

Wolaier + azer)p, =m(arer, arer)W,(are)Wy(aze) Wy(yer)do
=m(a;er, azez)w;rs(azez’ye])Wo(dle1)Wo()’e1)Wo(01262)¢0
=m(a;er, Clzez)w;Tmzy%ml
since W,(aze2)do = ¢ because W, is centered at o (see item (W.2) of Theorem 1). By Ref. 22,
Proposition 5.2, for all u,ve V withu#0,

1
Qo+ v+Fu)=— > w," "W, (w),
|F| A€F

where Fu is the direction along u, and hence,

1 —v)—
Q(o + v + Fu)p, = ﬁ Z m(daer, lazey) u)pTr/l[(lz(ﬁl ) mﬁz]%ﬂm1
AeF (5)
with u=qe; + arey, v=p1e + Bae;.

In the converse direction, if m is any given Weyl multiplier for the symplectic space (V, S), one
can pick a |F|-dimensional Hilbert space H, fix an orthonormal basis {¢, | y € F} of H, and define
the maps W, and Q as in (4) and (5). As W, and Q are unitarily equivalent to the maps defined in the
previous paragraph, we have Q € Qy (€, S, m) and W, is its associated Weyl system centered at o.

F. More symmetries besides translations

We already noticed that Gp € SL(V') is a necessary condition for the set Qg v (£2) to be nonempty;
indeed, this follows since Gy must preserve the symplectic form associated with any quadrature
Q e Qv () C Qv (Q) (see Ref. 22, Proposition 7.1). In order to find a sufficient condition, we need
the notion of Gy-invariance for a Weyl multiplier m, that is,

m(Au,Av) =m(ua, v) Yu,veV, AeGy.
The existence of Gy-invariant Weyl multipliers is equivalent to the set Qg,~v () being nonempty.

Indeed, we have the following fact.

Proposition 1 (Ref. 22, Proposition 7.2). Let Gy C SL(V') be any subgroup. A quadrature system
Qe Qy(Q) is (Gy = V) -covariant if and only if its associated Weyl multiplier is Gy-invariant.

As a consequence, the set G of (3) coincides with

G ={Gy C SL(V) | there exist Gp-invariant Weyl multipliers} .
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In odd characteristic, the multiplier

m(u, v) = @S¢V ©6)
is a Weyl multiplier for the symplectic space (V, S) which is invariant with respect to the whole group
SL(V) (see Ref. 22, Proposition 7.4); therefore, G is actually the set of all the subgroups of SL(V).
However, in even characteristic such an m cannot be defined, and we need to look for subgroups
Go ¢ SL(V) admitting Gyp-invariant Weyl multipliers case by case. This is done in Section III, and the
detailed description of the set G in characteristic p = 2 is provided in Section IV (see Theorem 4).

lll. ALL COVARIANT QUADRATURE SYSTEMS IN CHARACTERISTIC 2

From now on, we focus on characteristic p = 2. The following is then the key step towards our
characterization of the set G in this case.

Lemma 1. Suppose F has characteristic p = 2. Then Qgy»-v(Q) = 0 for all subgroups Go C SL(V)
such that |Gyl is even.

Before proving the lemma, observe that in characteristic p =2 we have +1 =—1in F, and w, = -1
is the unique possible choice of a 2-root of unity in C. Moreover, the square map a + @ is an
automorphism of FF over Z,. Its inverse is the map « — a'!/? = o//F1/2,

Proof of Lemma 1. By Proposition 1, it is enough to show that, if Gy has even order, there do not
exist Go-invariant Weyl multipliers. So, let us assume by contradiction that |Gyl is even and m is a
Gy-invariant Weyl multiplier. By Cauchy theorem (see Ref. 39, p. 97), there exists an order 2 element
in Gy, that is, a symplectic map A € Gy such that A # and A% =1 Let e, € V be such that Ae, % e;.
Then e; = Ae; + e, # 0 because +1 = 1; moreover, Ae; = e;. Hence the vectors {e;, e, } are linearly
independent and thus form an F-linear basis of V. In particular, S(e;, e;) = a # 0 since S # 0. Possibly
rescaling e, by !, we can assume that {e1, ey} is a symplectic basis of (V, ). The two conditions
det A=1 and Ae; =e; imply that A is upper triangular with diagonal entries (1,1) in the basis
{ey, e, }; that is, Ae, = Be; + e, for some B #0.

Now, choose y € F such that Try =1 (this is always possible by Ref. 38, Theorem VI1.5.2). Let

fi =8y e, =" e
Then
Af =1, Afy=f +1f, @)
and
TrS(f,fH)=1. ®)
We have
1=m(f; + £, f; +£5) (property (M.1))
=m(fy + f2, 1 + f)m(Ey, f2)m(f,, £2)
=mf; + £, + £, )m(f; + £, f; )m (multiplier property)
=m(fy, f)m(Afy, Af)m(f,, 1) (by (7))
=m(f,, f; )m (property (M.1) and Gy-invariance)
=(-DTsne) (property (M.2))
=-1 (by (8))
which is the desired contradiction. O

The next step is to list all the possible subgroups of SL(V). By the previous result, for p =2 all
the subgroups having even order can be dropped from G. The classification of the subgroups of the
finite projective unimodular group PSL(V) = SL(V)/{I,—I} goes back to the papers of Moore and
Wiman,?>»3¢ which cover both the even and odd characteristic cases (see Ref. 37, pp. 285-286, for a
summary of the subgroups found by Moore and Wiman). Note that PSL(V) = SL(V) for p = 2, hence
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in our case Refs. 35-37 actually enumerate all the subgroups of SL(V). For the present purposes,
we use here the more modern version of the classification of Moore and Wiman given in Suzuki’s
book.*

Theorem 3. In characteristic p = 2, any subgroup of SL(V) is isomorphic to one of the following
groups.

(a) The dihedral groups of order 2(|F| £ 1) and their subgroups.

(b) A group H of order |F|(|F| — 1) and its subgroups. A Sylow 2-subgroup Q of H is isomorphic
to Zlé, Q is normal in H, and the factor group H/Q is a cyclic group of order |F| — 1.

(c) The alternating groups A4 or As.

(d) SL(V’), where V' is a 2-dimensional vector space over a subfield F' CF.

Proof. This is an immediate application of Ref. 39, Theorem II1.(6.25) and I11.(6.26), when g = |F|
is even, since PSL(V) = SL(V) in this case. In particular, each item follows from the corresponding
one in Suzuki’s Theorem I11.(6.25) by observing that

(a,b) the greatest common divisor of 2 and |F| — 1 is d = 1, and using Ref. 39, 1.(9.14), for the
characterization of the elementary Abelian 2-groups defined in II.(5.22) therein;
(¢) SL(V)hasno subgroups isomorphic to the symmetric group X4 by Ref. 39, item (iii) of Theorem
I11.(6.26);
(d) if F’ is any field such that |F’|" = |F|, then PGL(2,F") =PSL(2,F’) =SL(2,F’) since F’ is a
subfield of F and hence also has even characteristic.

Combining Lemma 1 and Theorem 3 we obtain the following conclusion.

Proposition 2. Let p = 2, and suppose S is any symplectic form on V. Then the set
QGyv (L2, 8) = Qv (QNQY (L, S) is not empty if and only if Gy is a cyclic group with |Gyl odd.

Proof. The proof of sufficiency is a straightforward adaptation of the proof of Ref. 22, Proposition
8.3.Indeed, suppose Gy is a cyclic group with odd order. If mg is any Weyl multiplier for the symplectic
space (V,S), let m(u,v) =[Taeq, Mo(Au, Av). Then m is a multiplier of V, which clearly satisfies
m|pxp =1 for all D€ D, since all its factors do it. Since mg(Au, AV)mo(Av, Au) = (—1)TF5ABAY) =
(=D)TSWY) for every A € Gy, we have

m(u, V)m(V, u) = (_ 1)\G0|TrS(u,v) = (_ I)TIS(U,V)

because |Gyl is odd. Therefore, m satisfies items (M.1) and (M.2) of Theorem 1, that is, it is a Weyl
multiplier for (V,S). For all B € Gy,

m(Bu, Bv) = l_[ my(ABu, ABv) = n mo(Au, Av) =m(u, v)
A€eGy A€Gy

which shows that m is Gy-invariant. Hence Qg,»v(£2,5)D Qy(Q,S,m)#0 by Theorem 2 and
Proposition 1.

Conversely, if Qg,«v(€,S) #0, then |Gyl is odd by Lemma 1. So, we need to check which ones
of the groups listed in Theorem 3 have odd order. Since |A4] = 12 and 1As| = 60, the possibilities in
item (c) of Theorem 3 are excluded. Moreover, by Ref. 39, p. 81, we have |[SL(V")| = [F'|(|JF’|> - 1),
which is even when V' is a vector space over a subfield F* CF; hence Gy cannot be as in item (d) of
Theorem 3. Thus, items (a) and (b) are the only remaining possibilities.

The dihedral group D, is the semidirect product Z, = Z,, where the nontrivial element 1 € Z,
acts on the normal factor Z,, as

(1,0)(0,x)(1,0)"" = (0, —x) Vx€eZy.

If Gy is a subgroup of Dy(jgj+1) and (z,x) € Gy, then z = 0, as otherwise (1,x)% = (0,-x + x) = (0,0)
implying that |Gyl is even. It follows that Gy C Zr|+1, hence Gy is a cyclic group.
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Finally, suppose Go C H, where H is as in item (b) of Theorem 3. Then the subgroup Qp = QN Gy
is normal in Gy, and the quotient group Go/Qy is naturally identified with a subgroup of H/Q. Since
Q is a Sylow 2-subgroup of H, either Qy is trivial or its order is even; hence Qy is trivial because |G|
is odd. Since H/Q is cyclic of order |F| — 1, also its subgroup Go/Qq = Gy is cyclic.

In conclusion, |Gyl being odd implies that Gy is cyclic, and this concludes the proof. O

IV. CYCLIC SUBGROUPS OF SL(V)
By Proposition 2,

G ={Go c SL(V) | Gy is cyclic and with odd order} in characteristic p=2.

We will shortly see that the cyclic subgroups Gy ¢ SL(V) divide into three types, each type being
determined by the eigenvalues of any of its generators. Recall that the eigenvalues of an arbitrary
symplectic map A € SL(V) are the roots of its characteristic polynomial

paX)=det(A — XI) =X —tr(A)X + 1 9)

and thus they are two possibly coinciding elements &; and &, of the quadratic extension [ of F.
Since p,4 has coefficients in F, either &, & € F or &1, & € F\ F, and in the latter case & =&, where
&= fluFl is the conjugate of £;. Both of the eigenvalues are nonzero, and they satisfy the relations
é1+ & =tr(A) and &1&, = 1. In particular, in even characteristic the equality &1 = &> holds if and only
if £, =&, =1, and in this case tr (A) =0.

Again, for the remaining of the section we restrict ourselves to even characteristic. The following
terminology then summarizes all the possibilities for an element A € SL(V) (see, e.g., Ref. 40, p. 95).

Definition 3. In characteristic p =2, an element A € SL(V) is said to be

— split, if A =1 or A has two different eigenvalues &, € F; _
— nonsplit, if A has two different eigenvalues £, &' e F\ F, with ¢ ' = ¢;
— unipotent, if A#1 and 1 is the sole eigenvalue of A.

A is semisimple if it is either split or nonsplit.

Let us fix a basis of V over F and write any element A € SL(V) as a unit determinant 2 X 2 matrix
with entries in F with respect to such a basis. If A € SL(V) is semisimple and &, £~! € F are its two
eigenvalues, then

A=U (g ;3] ) U! for some 2 X 2 matrix U with entries in F .

All the entries of U can be chosen in F if and only if A is split. In any case, A* = I if and only if
&k = ¢ = 1, that is, the order ko of A and & coincide. Hence, we have the following:

— if A is split, then k( divides the order of the cyclic multiplicative group F. of the nonzero
elements of F, which is |F,|=|F| - 1;

— if A is nonsplit, then ko divides the order of the cyclic group M = {£ € F, | ££ = 1}, which is
|F| + 1 (see Ref. 22, Section 8, for a simple proof).

Finally, for 0 < k < ko, the eigenvalues of AX are £ and ¢7*. Therefore, if A is semisimple, then also
AF is semisimple for all 0 < k < ko.

On the other hand, if A is unipotent, there is a nonzero e; € V such that Ae; = e;. To find the order
of A, pick a vector e, € V linearly independent of e;. Then Ae, = @e, + Se;, with @ =1 by the unit
determinant condition, and g # 0 because A # I. Moreover, we have A2e;=e; and A%e; =€y +2 pe; =
e, hence A2=1.In particular, the order of A is 2.

This discussion shows that the next definition is consistent and exhausts all the cyclic subgroups
of SL(V).
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Definition 4. A cyclic subgroup of SL(V) is a torus [respectively, a split torus, nonsplit torus,
unipotent subgroup] if it is generated by a semisimple [respectively, split, nonsplit, unipotent] element
of SL(V).

Definitions 3 and 4 can be easily extended to odd p. It is then a general fact, valid in all char-
acteristics, that there exists a maximal split [respectively, nonsplit] torus 7 c SL(V), and all split
[respectively, nonsplit] toruses of SL(V) are conjugate to subgroups of 7. Moreover, all the unipotent
subgroups of SL(V) are conjugate in even characteristic, and they are divided into four conjugacy
classes when p # 2. Indeed, this follows from Ref. 35, Section 6 (see also Ref. 37, pp. 262-268, and
39, I11.(6.23)). Here we report the following elementary proof in characteristic p = 2.

Proposition 3. Suppose p = 2.

(a) There exists a split [respectively, nonsplit] torus T C SL(V) such that |T| = |F|—1 [respectively,
|T|=1|F| + 1]. Any split [respectively, nonsplit] torus has odd order and is conjugated to a
subgroup of T. In particular, all toruses of the same order are conjugated.

(b)  There exists a unique conjugacy class of unipotent subgroups in SL(V). All unipotent subgroups
have order 2.

Proof. We preliminarly prove that if & € F is such that & + £~ €F, then the conjugacy class of

the symplectic map
_(é+€7M1
A —( Coo (10)

is the set
CAg)={AeSL(V)\ {I}|¢ and 5_1 are the eigenvalues of A} .

Indeed, by (9) the latter setis C(Ag) ={A € SL(V)\ {I} |[r (A) =&+ g*l }. Therefore, Az € C(A¢), and
it suffices to show that any A € SL(V) \ {I} is such that

tr(A) 1) U_l

1 0 for some U € SL(V).

A=U (
Writing A in matrix form

A:(“ﬂ) with @, f.7.0€F, ad + fy=1,

v o
it can be directly verified that a possible choice of U is
0 B2
( g2 apii ) it g+£0

,y7]/2 6,}/71/2 '
0 ‘)/1/2 1f7¢0 >

(1 +a)’! ((f Clk ) if f=y=0and ="

thus proving the claim.

In order to prove (a), observe first of all that F, = {1} if and only if F=2Z,, and the claims for
split toruses are trivial in this case since T = {I} is the unique split torus of SL(V). Next, suppose
£#1 is a generator of the cyclic group F, [respectively, M = {¢€F, | ££ =1}] and define Ag as in
(10). Then A is a split [respectively, nonsplit] element of the same order as &, that is, A generates
a split [respectively, nonsplit] torus T of order |T'| = |F,| = |F| — 1 [respectively, |T|=|M|=|F| + 1].
If T’ is any split [respectively, nonsplit] torus generated by a split [respectively, nonsplit] element
A’ € SL(V), either A’ = I or A” has two different eigenvalues &’ and £’ ~! with £’€F, [respectively,
& € M]. It follows that ¢ = £" for some k, hence A’ € C(A) by the previous claim. Therefore, 7" is

conjugated to the cyclic subgroup of 7 generated by A’;. Since T has a unique cyclic subgroup of
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each order dividing IT'| (see Ref. 38, Proposition 1.4.2 and 1.4.3(iv)), all split [respectively, nonsplit]
toruses of the same order are conjugated among them and with a unique subgroup of 7. Finally,
[F|—1=2"—-1 and |F|+1=2"+1 are relatively prime; hence two toruses 7 and T, such that
IT11=1T>| are either both split or both nonsplit, and so they are conjugated.

The proof of (b) follows since by definition any unipotent element B € SL(V) is such that B # [
and & = £~ = 1 are the two eigenvalues of B; all unipotent B’s are then conjugated to

01
we (i)
by the claim at the beginning of the proof. Since A% =1, the same holds for B. O

Remark 2. The proof of Proposition 3 also yields an explicit expression for a symplectic map
A generating a maximal cyclic subgroup of SL(V). Indeed, such a map is given by (10) with & a
generator of either F, or M in the case of a maximal torus, or & + €~ =0 for unipotent subgroups.

We are now in position to state and prove the main result of the paper.

Theorem 4. In characteristic p = 2 and for any symplectic form S, the set Qgyxyv(€, S) is
nonempty if and only if Gg is a torus. The maximal subgroups Go C SL(V) admitting (Gog = V)
-covariant quadrature systems are either maximal split or maximal nonsplit toruses.

Proof. The theorem immediately follows by combining Propositions 2 and 3. O

Remark 3. If T [respectively, T»] is a maximal split [respectively, maximal nonsplit] torus and
Qi€ Qrv(Q, S), then the unitary operators U (g) such that

Qi(g-D=Ui@Qi(OUi(g)"  VIEL(Y), g€T;

permute the corresponding unlabeled projections ran Q; = {Q;(1) | 1€ L(Q)} (i = 1,2). By Remark I,
ran Qq and ran Q, are unitarily conjugate; representing them on a common Hilbert space, this
amounts to saying that we can always assume ran Q) = ran Qa =R (although of course Qi # Q). In
this way, both the projective unitary groups ran U; = {U;(g) | g € T;} permute the same set of rank-1
projections R. However, Theorem 4 says that one can not relabel the elements of R in order to make
all the unitaries ran Uy U ran U, act as phase-space transformations. Equivalently, if we want to
regard one of the two unitary groups as a torus in SL(V), with its natural action on the phase-space
lines L(Y) ~ R, we cannot do the same with the other group.

V. MAXIMALLY INVARIANT WEYL MULTIPLIERS

Up to now, we have considered the existence problem for (G > V) -covariant quadrature systems.
However, when the set Qg v (€2, S) is nonempty, we have neither investigated whether it is made
up of a unique equivalence class of quadratures, nor have we explicitly written down any of its
elements.

In this section, we fill this gap in the case where Gy = T is a maximal torus in even characteristic,
providing many examples of inequivalent elements in Qry (L, S). Moreover, for all these examples
we exhibit a unitary projective representation U of G=T >V yielding the covariance relation (2).

By Theorem 2 and Proposition 1, the equivalence classes of quadratures in the set Qr.y (€2, S) are
in one-to-one correspondence with the 7T-invariant Weyl multipliers for the symplectic space (V,S). If
such a multiplier m is given, Section II E provides the construction of the corresponding quadrature
system in terms of m (see (5)). The main difficulty is then to write down an explicit expression for a
T-invariant Weyl multiplier.

Note that an explicit formula for the multiplier m also allows one to construct the projective
representation U of T yielding the T-covariance of Q. This follows from the next theorem.

Theorem 5 (Ref. 22, Theorem 8.5). In any characteristic, let T be a maximal torus, and
suppose Q € Qr.y(Q). Let W, be the Weyl system associated with Q and centered at the point o € Q
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such that GL(V) - 0o = {0}, and let m be its Weyl multiplier. Then a possible choice for the projective
representation U of T appearing in (2) is

UA) = % Z mu,(A-D'wWW,(u) VAeT\{I}. (11)

ueV

Proof. If T is nonsplit, this is Theorem 8.5 of Ref. 22. The proof of the latter result uses only
the two facts that A —1 is invertible on V, and —I € T. These facts are still true if 7 is split, hence the
same proof works without any change also in the split case. O

The operators W,(u) appearing in Theorem 5 are explicitly given in formula (4), which again
only depends on the Weyl multiplier m associated with Q.

For the remaining part of the section, we then turn to the problem of characterizing the T-invariant
Weyl multipliers in characteristic p = 2. We remark that the present discussion is a refinement of
Ref. 22, Appendix B, which outlines how to find a T-invariant Weyl multiplier by averaging a
noninvariant one over 7, but does not contain a compact formula for the result.

First of all, observe that, although in odd characteristic there is the natural choice of the Weyl
multiplier (6), which takes its values in the set of the p-roots of unity and is actually invariant with
respect to the whole group SL(V), when p = 2, a more elaborate construction is required. The key
difference is that in the latter case there is no +1-valued Weyl multiplier at all. Indeed, if m were such
a multiplier, then, for f,f, € V with Tr S (f, f>) = 1, we would get the contradiction

L=m(f) + £, £ + ) =mE + £, £ + H)mE), £)*

=m(fy, £ + i + f)m(fy, £ + £)m(f), 1)

=m(y, f)m(>, £ + ) (=D CDm(Ey, £)

=-m(fz, £ + f)m(fy, £1) = —m(f; + £, £1)m(f2, £2)

=-1.
Actually, in the even characteristic case the minimal possible choice of a Weyl multiplier is

m(u,v) = &™)

for some function g: V X V — Z4. The function g must clearly be a Z4-valued multiplier. Moreover,
properties (M.1) and (M.2) of a Weyl multiplier become as follows:
(M’.1) forany D € D, g(d;,d,) =0 for all dy,d; € D;
M’.2) g(v,u) — g(u,v) =2Tr S (u, v) for all u, v € V, where the map z +— 2z goes from Z; to Zy4.

The additional condition that m is T-invariant then requires that g(Au, Av) = g(u, v) for some generator
AofT andallu,veV.

In order to construct g, we need the fact that in even characteristic there exists a linear basis
{wi,wy, ..., w,} of Fover Z; such that Tr (w;w;) = 6;; foralli,j € {1,2,...,n} (see Ref. 41, Theorem
4). After choosing such a basis, we also fix a sequence r1, 2, . . . , 7, in Z4 with r; = +1. Then we define
the following map 4 : F — Z4:

n n
h(ZZiwi)=Zr,-zi2 YZi,..., 20 €Z> .
i=1 i=1

Note that & is well defined, since the map z +— 72 is well defined from Z, to Z4. Clearly, h(0) = 0.
Moreover, if @ =Y, zyw; and B8 =}, t;w;, then

h(a + B)=h(a) + h(B) +2TrapB. (12)
The construction of g is slightly different in the two cases in which the maximal torus 7 is split or
nonsplit.

A. The split case

Let A be a generator of T with eigenvalues &, §‘1 €F, and let {e;,e;} be vectors of V such that
Ae; =¢e; and Ae) = f‘lez. Possibly rescaling e;, we can assume that {e;,e,} is a symplectic basis
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of (V,S). We use this basis to define the following two F-bilinear forms B; and B_ on V:
B.(u,v)=B_(v,u)=S(u,e;)S(v,e) Yu,veV.

Since Bi(u,u) = B_(u,u) for all ueV, the sum B, + B_ is a symplectic form on V. Because
(B+ + B-) (e1,e2) = 1, actually
B, +B_=S.

Moreover, since S (Au,e;)=S (u,A‘lel) = §‘1S(u,e1) and similarly S (Au,e;)=£S(u,ey), the
bilinear forms B, and B_ are T-invariant, that is,

B.(Au,Av)=B.(u,v) and B_(Au,Av)=B_(u,V) Yu,veV.
We then define a Z4-valued multiplier gg on V, given by
go(u,v)=2TrB.(u,v)=2TrB_(v,u).

(The fact that gy is a multiplier follows from its biadditivity property go(u; + up,v) = go(uy,v)
+ go(uy,v) and go(u,v; + vo) = go(u,vy) + go(u,vz).) Condition (M’.2) holds for go. However, to
make also condition (M’.1) satisfied, we need to introduce the equivalent Z4-valued multiplier g,
with
g(u, V) = h(Bs(u +v,u +v)'?) = h(By(w,w)'?) = h(B,(v,V)'?) + go(u, ). (13)
Indeed, for all 4, u € F, by the property (12) of A,
g(Au, pu) = h((A + B4 (u,w)'"?) = h(AB. (u,w)'?) = h(uB. (u, w)"/?)
+2Tr AuB4(u,u)
=0.

Finally, from the analogous property of B, it immediately follows that g(Au, Av) = g(u, v) for all
u,v eV, hence g is T-invariant.

We have thus found the T-invariant Weyl multiplier m = i. We can use the construction of
Section IT E, with the symplectic basis {e;,e,} given by the above eigenbasis of A, in order to exhibit
the quadrature system Q € Qr.y(Q, S) having m as its associated multiplier. To this aim, it is enough

to evaluate s
m(arer, arer) =i (@2)") (14)

and insert it into (4) and (5) to get

1
Q(o + v + Fu)g, = i > PA@a) ) pyTrlm@iraply
A€F

with u=qaie; + azey, v=_[e; + fre;
with its associated centered Weyl system
. 1/2
Wolaier +azen)gy, =i (@) nTrerg, .

In order to determine the unitary operator U(A) yielding the T-covariance, we can either use (11) or
simply notice that U(A)¢g = c¢ for some scalar ¢ € C, since U(A)Q(o + Fey) =Q(o + Fex)U(A) =
¢Q(o + Fey) by T-covariance. On the other basis vectors,

U(A)gy = UA)W,(ve)do = Wo(yAe ) U(A)do = cWo(yEe)do = cdye -

U becomes an ordinary representation of 7" by setting ¢ = 1.

B. The nonsplit case

Let A and &, £~! be as in the previous case. Now, &, £~ e F\F with £ ! = £, and A is diagonalized
in the extension V =F &g V of V to the scalars F. Let e € V be a nonzero vector such that Ae = &e.
Then A€ = Ae = £e, where we still denote by = the F-antilinear map on V which restricts to the identity
on V. The F-bilinear form S uniquely extends to a symplectic form on V. Note that S (@, V) =S (u, v).
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In particular, S (e, €) € F; hence, possibly rescaling both e and € by the factor S(e,€) /%, we can
assume that {e, e} is a symplectic basis of (\7, S). Now, as in the split case, we define the F-bilinear
forms on V,

B,(u,v)=B_(v,u)=S(u,e)S (v,e) Yu,veV.

Again, B,(u,u)=B_(u,u)forallu e V, B, +B_=S§, and the forms B, and B_ are T-invariant. Moreover,
although B, and B_ are F-valued bilinear forms, the corresponding quadratic forms restrict to F-valued
forms on V: B, (u,u) =B_(u,u) e F forallue V. Let Tr: F — Z, be any Z,-linear extension of Tr to
. (For example, if ¢ is any element of F \ F, we can set Tr(e + B¢ =Tra for all a,  €F.) We then
define the following Z4-valued biadditive multiplier go on V:

go(u,v)=2TrB,(u,v)=2TrB_(v,u)  Yu,veV

and its equivalent multiplier g as in formula (13). Since g( satisfies condition (M’.2), so does g.
Moreover, g also fulfills (M’.1) and is T-invariant, the computation being the same as in the split
case. In conclusion, m = i¢ is a T-invariant Weyl multiplier on V.

As in Section V A, we are now going to explicitly exhibit the 7 > V-covariant quadrature system
Qe Qy(Q, S, m) along the lines of Section IT E. In the present case, we fix the following symplectic
basis {ej,ex} of V:

e =Ze + ce, e;=ce+ze with e=(@E+1)712, (15)

Moreover, we choose the extension Tr such that Tr? = 0. Then, with some manipulations (reported
in the Appendix),

= 1/2
m(aer, arer) = ih((alnz)llz)(_l)Tr [alazss+(al +an)(@) ar €E) ]’ (16)

m(aie + @rer, (A+D)7(are) + azer)) =

. [h(m(gz)‘/2)+h(a2(.eg)‘/2)+h((ma2)'/2)] (_I)Tr [0102£E+((11 +a/2)((1/1(12£§)1/2] . (17)

=i
By (4) and (5),

1
Q(o + v + Fu)¢, = ﬁ Z (Aarar)'?)

A€eF

X (~ 1)Tr/l{/l[aqa2£E+(m +az)(a1a2.95)‘/2] +an (B +y)+a1/32} Binans

Wo(“)¢’y — ih((alaz)lu)(_l)Tr [mazs§+(m+nz)(maza§)l/2+az7’] ¢y+m

with u=qae; + aze; v=_pLe; + pre;.

Moreover, by (11),

1
Uy = D, mlarer +ae, A+ D7 (@rer +azer)

ay,x €F
X Wo(aier + azer)d,
1

_ Z i—[h(cxl(85)1/2)+h(az(s§)1/2)](_1)Trazy¢y+al )
||

a),x €F

As a final consideration, observe that in both the split and nonsplit cases, our construction
provides a quite big amount of different 7-invariant Weyl multipliers. Indeed, for a fixed choice of
the orthonormal basis {w;,w>,...,w,} of F over Z,, changing the sequence of signs ri,r,...,r,
in the definition of & yields 2" different Weyl multipliers m; this can be seen by direct inspection of
(14) and (16). Consequently, the set Q7.y (€2, S) contains at least 2" inequivalent quadratures. This
shows that in even characteristic, there exists a large degree of arbitrarity in the choice of a maximally
covariant quadrature system.
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VI. CONCLUSIONS

We have found all the extended symmetries of stabilizer MUBs in even prime-power dimensions
beyond the basic group V of phase-space translations. We have proved that only two inequivalent
such extensions are possible, namely, by means of either a split or a nonsplit torus 7" c SL(V).
In particular, it turns out that both of the possibilities give rise to whole families of inequivalent
maximally symmetric stabilizer MUBs, contrasting with the case in odd prime-power dimensions,
where the maximal symmetry requirement points out a single class of stabilizer MUBs. For each
of the two extensions, we have focused on a particular family of inequivalent maximally symmetric
stabilizer MUBs, providing both the explict form of the MUBs (more precisely, of their associated
rank-1 projections that we named quadrature system) and the expression of the covariance operators.

In the applications, one is usually interested in finding the smallest groups of unitary operators
cycling all the bases in a given maximal set of MUBs.?’~2?31:32 For maximally symmetric stabilizer
MUBS, this corresponds to requiring a maximal nonsplit torus as the extra symmetry group (see Ref.
22, Section 8), since split toruses do not cycle the two bases corresponding to the directions they keep
fixed.

As a final consideration, in our approach the symmetry properties of stabilizer MUBs are
essentially related to their labelings with the phase-space lines. Indeed, we stressed in Remarks
1 and 3 that, for any pair of V-covariant quadratures Q; and Q,, the two sets of rank-1 projections
ran Q; = {Q;(D) | L€ L(Q)} (i = 1,2) are always unitarily conjugated, although of course Q; and Q;
may not be equivalent in the sense of (1). Now, we essentially dealt with the problem of how to
arrange the phase-space labeling of stabilizer MUBs in order to make them “as covariant as possible”
under the natural symmetries of the phase-space. Our definition of covariance (actually, the only
possible one) is expressed by (2). However, as pointed out in Ref. 22, Remark 7.8, the operators U(g)
satisfying (2) do not exhaust all unitaries preserving the (unlabeled) set of projections ran Q of some
Q € Q= (Q). In fact, the full Clifford transform group defined in Refs. 42 and 43 still leaves the set
ran Q invariant,?3133:3% although its action on MUBs cannot be related to any phase-space structure
by Theorem 4.
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APPENDIX: AUXILIARY CALCULATIONS

Here we provide the explicit calculations leading to (16) and (17). For the Z4-valued multiplier
g found in Section V B, in the basis (15) and for a1, a; € F, we have

glajer, azer)=h ([S (a1e1 + azer,e) S (aie + azer,€)] 1/2)
—h([S(@re1,€)S (@1€1,€)]"?) =1 ([S (@2€2,€) S (@2€2,)] /)
+2TrS (ar1eq,e) S (azer,€)

=h ([(@16 + @28)(@1E + 28)] ')

—-h (01(85)1/2) —h (02(58)1/2) + 2’I:rala/282

:h([(a% +a§)85+0102]1/2) because &2 + &2 =1
—h(al(s§)l/2) —h(a/z(Es)l/z) because Tr 2 =0
=h (@1 + 22)(e8)? + (@122)"/?) by Z,-linearity of - |/

—-h (01(85)1/2) —h (02(58)1/2)

=h ((alafz)l/z) + 2Tr [aqazeE +(a; + a2)(a1a235)1/2] by (12).
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This proves (16). Concerning (17),
glare; + @mer, (A+D)7'(arer + arer)) =
=g(ae + @e, (A+1D) " (ae +@e)) with @ = @12 + ane
=g(ae + @e, ae +£-ae)
s ([s ((1+ &)ae+ (1 +8ae,e) S (1 + )ae + (1 + F)ae. €) | ”2)
—h([S (e +a€,e) S (ae + ae,€)]'")

—h ([S (szae + EZEE, e) S (82a'e + szae e)] 1/2)

=h ([(1 +3a(1 + 0] ) - h (@)'2) - ((FFe) )
-h ((aa)l/z) because £2 + &2 =1
h([(a1 +az)ss+a1az]l/2) because £2 + &> =1
-h ((al + ay)(g€) 2 4 (0’10’2)1/2) by Z,-linearity of - 172

== [1(a1(e8)'?) + h (@2(e8)") + h ((@122)'?)]
+2Tr [@1@2E + (a1 + @2)(@12268)' %] by (12)

which gives (17).
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