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Abstract

The aim of this paper is to generalize the Wigner Theorem to real normed spaces. A
normed space is said to have the Wigner Property if the Wigner Theorem holds for it.
We prove that every two-dimensional real normed space has the Wigner Property. We
also study the Wigner Property of real normed spaces of dimension at least three. It is
also shown that strictly convex real normed spaces possess the Wigner Property.

Keywords Isometry - Phase equivalence - Phase isometry - The Wigner Property -
The Wigner Theorem

Mathematics Subject Classification 46B03 - 46B04

1 Introduction

The well-known Wigner Theorem, which plays an important role in quantum mechan-
ics, states that any transformations of the states of a physical system which preserve
the transition probability associated to any pair of states are induced either by a unitary
or by an anti-unitary operator on the Hilbert space associated with the physical system
(see [5,23]). Since Wigner’s proof was incomplete from the mathematical point of view,
many papers have appeared to prove the Wigner Theorem (see [4,10,12,14,18,19,21]).
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The Wigner Theorem describes those transformations of Pj () (all rank-one pro-
jections on the Hilbert space H), which preserve the transition probability. Gehér
and Semrl [11] described the surjective isometries on the Grassmann space P, (H) of
all rank n projections with respect to the gap metric (n € N), which generalize the
Wigner Theorem to the Grassmann space P, (H). We would also like to draw the read-
ers’ attention to the very recent paper [16] in which the author establishes a Wigner’s
type theorem for linear operators which map projections of a fixed rank to projections
of other fixed rank.

Bargmann [3] proved the Wigner Theorem which is very close to Wigner’s original
statement.

Theorem 1 [3] Let (H, (-, -)) be an inner product space with dim(H) > 2 and let
T : 'H — 'H satisfy the equality

KT (), TV = [{x. y) ey

for any x,y € 'H. Then there exists an isometry or an anti-isometry A on H and a
phase function ¢ : H — C with |e(x)| = 1 such that T (x) = &(x)A(x) for any
x € H. Moreover, if T is surjective and 'H is a Hilbert space, then A is a unitary or
an anti-unitary operator.

In connection with (1) letus draw the readers’ attention to rich references concerning
the Wigner equation. In particular, in [6] the authors proved the existence of a solution
(satisfying some additional condition) to the equation

(I (x), Iy | = [(x, y)I,

where I : M — A is a mapping between inner product modules M and N over
certain C*-algebras.

It is natural to ask whether the Wigner Theorem would still be true if H is a normed
space. Unfortunately, there is no inner product in general normed spaces. However,
since in an inner product space, the Eq. (1) is equivalent to the equality

{IT) +aT W ol =1} = {llx +ayll:|af =1} 2

for any x, y € H, one can raise the following problem. We call an operator 7 between
two normed spaces a phase isometry if T satisfies the equality (2). If E and F' are both
normed spaces over the field K, two mappings 77 : E — F and T, : E — F are said
to be differ by a phase factor or to be phase equivalent if there exists ¢ : E — K with
le(x)| = 1 such that T} (x) = e(x)T»(x) forany x € E.

Problem 1 Let E and F be normed spaces over the field K andlet 7 : E — F be a
surjective phase isometry. Is T phase equivalent to a linear isometry L from E to F?

Recall that in 1932, Mazur and Ulam [15] showed that any surjective isometry
between two real normed spaces is an affine map, that is it is a translation of a linear
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isometry. Bourgain [2] gave an example which shows that the complex version of the
Mazur-Ulam Theorem is not valid.

In this paper we are going to consider the above problem in the case when K = R.
Notice that by the Wigner Theorem, this problem is solved when both E and F are
real inner product spaces.

Now, we are going to recall the following

Definition 1 Let E be a real normed space. E is said to have the Wigner Property if
for any real normed space F', and any surjective phase isometry 7 : £ — F, T is
phase equivalent to a linear isometry from E to F.

Recently, Tan and Huang [20] proved that smooth real normed spaces have the
Wigner Property. They also proved that some classical real Banach spaces, such as
L>°(T")-type space and an £! (I')-space for some index set I', have the Wigner Property.

Let us briefly summarize the contents of this paper. In Sect. 2, we will study the
property of a surjective phase isometry between two real normed spaces and will give
some properties of a surjective phase isometry operator, which will be used in the
sequel. In Sect. 3, we will show that any two-dimensional real normed space has the
Wigner Property. Section 4 deals with the Wigner Property in real finite dimensional
normed spaces of dimension at least three. In particular, we will prove that any strictly
convex real normed space has the Wigner Property.

In this paper, we will use the standard notations. E* denotes the dual space of the
normed space E. Sg and Bg denote the unit sphere and the closed unit ball of the
normed space E, respectively. w* — exp(Bgx) denotes the set of w* exposed points of
the unit ball Bg+ while ext(BEg=) denotes the set of extremal points of that ball. sm(Sg)
denotes the set of smooth points of the sphere Sg. [x, y] := {Ax+(1—A)y : A € [0, 1]}
forany x, y € E.Finally, by |A| we will denote the cardinality of the set A and span{A}
will denote the linear subspace generated by the set A.

2 Preliminary results

In this section, we will study the general properties of surjective phase isometries
between two real normed spaces. Lemmas 1 and 2 were given by Tan and Huang in the
unpublished paper [20], so we include also their proofs for the readers’ convenience.
Lemma 1 [20] Let E and F be real normed spaces and let T : E — F be a phase
isometry. Then | T (x)|| = ||x|| and T (—x) € {T (x), =T (x)} forall x € E. Moreover,

if T is surjective, then T is injective and T(—x) = —T (x) forall x € E.

Proof Putting y = x in the equality (2) we see that T' preserves the norm. Next, putting
y = —x in the equality (2), we get

T ) + T NTx) =T (=)} = {2lx]., 0},
which implies that T (—x) € {T(x), —T (x)}.
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Now, let T(x) = T'(y) forsome x,y € E, x # y. Since || x|| = [[y]| = IT(x)]|, it
follows that T (x) = T (y) # 0. Because T is surjective, there exists z € E such that
T (z) = —T (x). Using the equality (2) for x, y, z, we obtain

e+ vl llx =y} =T ) +TDIL T (x) =TI} = {2[1x]], 0},
{lx +zll. llx =z} = T ) + T @I T (x) = T() 1} = {2[1x ], 0}.

This yields y, z € {x, —x}. If z = x, then T (x) = —T (x) = 0, which contradicts to
T (x) # 0, so we obtain z = —x. Now we will show that y = x. If not, we would get
y=—x =zand

Tx) =Ty =T =-Tx).

This leads to the contradiction that 7 (x) # 0. O

Lemma 2 [20] Let E and F be real normed spaces and let T : E — F be a phase
isometry (that is not necessarily surjective). Then for every w* exposed point x* of
BEx, there exists a linear functional ¢ € F* of the norm one such that x*(x) €
{p(T (x)), —(T (x))} forall x € E.

Proof First, we will prove that if E = R, then there exists a linear functional ¢ € F*
of the norm one such that ¢(7'(¢)) € {t, —t} for all r € R. For every positive integer
n, using the norm preserving property from Lemma 1, we have ||T (n)|| = n. The
Hahn-Banach theorem guarantees the existence of a linear functional ¢, € Sp+ such
that ||¢, || = 1 and ¢, (T'(n)) = n. For every t € [—n, n], we get

2n = @u(T(n) =T @) + (T (n) + T (1))
S\ITw) =TOI+I1T®) + T
=n-1t)+m+1) =2n,

or, alternatively,

{on (T (n) =T (1)), pun(T (n) + T(1))}
={IT) =TI, T () + T @I}
={n—t,n+t}.

Then ¢, (T (t)) € {t, —t} for all t € [—n, n]. It follows from Alaoglu’s theorem that
the sequence {¢, } has a cluster point ¢ in view of the w* topology. This entails that
lell < 1and (T (¢)) € {t, —t} forevery ¢t € R. Clearly, ||¢| = | and ¢ is the desired
mapping.

Now suppose that dim(E) > 1 and u € Sg is a smooth point such that x*(u) = 1.
Let G : R — F be defined by G(¢#) = T (tu) for t € R . Then G is a phase isometry.
By the proof above, there exists ¢ € F* with ||¢| = 1 such that

(T (tu)) = (G (1)) € {t, —t}.
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Since u is a smooth point, it follows that x* is the only one supporting functional at
u. Therefore, for every x € X,

l’ f—
) = fim Mt =l

lim (|[tu + x| —1).
t—0t t ——+00

From the Eq. (2), we get
1T (w) + T NT Cu) = TN} = {lltw + x|l lru — x|}

forall + > 0 and x € E. For a fixed nonzero vector x € E, the set (0, +00) will be
divided into four parts:

Ap:={t>0:ITCuw) + T = lltu — x|,

T (tu) — Tl = lltuw + x|, o(T (tu)) = t};
Ay :i=1{t > 0: |T(tu) + T )| = ||tu + x||,

17 @u) =T )| = lltu — x|, o(T (tu)) = 1};
Az = {t > 0:|IT(tu) + T ()|l = lltu — x||,

T (tu) — T ()|l = lltu + x|, o(T(tu)) = —t};
Ag:=1{t > 0: |T(u) + T )| = |tu + x||,

1T (tuw) =T = ltu — x|l, (T (tu)) = —1t}.

Obviously, at least one of the sets {A; : i = 1,2, 3,4} is unbounded. We shall prove
that if A; is unbounded, then

x*(x) = (=D'(T (x))

foralli =1, 2, 3, 4. Without loss of generality we can assume that A; is unbounded.
Then, for every t € A1, we get

ltu+xl| =t =T@u) =TI -t = o(T({tu) —Tx) —t =—p(T(x)),
ltu — x|l =t =T @u) + T —t = o(T(tu) + T(x)) —t = ¢(T (x)).

Leting t — 400 in the two inequalities above, we get
x7(x) = —(T (x)).

This completes the proof. O

Lemma3 Let E and F be real normed spaces, T : E — F be a surjective phase
isometry. For all x,y € E and a,b € R, if T(x;) = aT(x) + bT(y), T(xp) =
aT (x) — bT (y) and T (x3) = aT (x) for some x1, xp,x3 € E, then x*(ax £ by) €
{£x*(x1), £x*(x2)} and x*(ax) € {£x*(x3)}, for all x* € w* — exp(BEgx).
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Proof By Lemma?2, forall x* € w* —exp(Bg+) there exists a linear functional ¢ € F*
of the norm one such that x*(z) € {¢(T (z)), —¢(T(z))} for all z € E. Thus

x*(ax £by) € {£p(aT(x) +bT(y)), £e(aT (x) — bT (y))}

= {F£@(T (x1)), (T (x2))}
= {£x"(x1), £x*(x2)},

and
x*(ax) = ax™(x) € {ap(T (x))} = {£¢@T x))} = {£o(T (x3))} = {£x"(x3)}.

This completes the proof. O

Lemma4 Let E be a real normed space with dim(E) = 2. If |[w* — exp(Bg=)| = 4,
then E is isometric to | fz), that is R? with the | 1—norm.

Proof Let {x],xJ, —x|, —x5} = w" — exp(Bgx). Since dim(E*) = 2, the set
of w* exposed points of Bg« is dense in the set of extreme points [ [17], p.167,
Th.18.6]. Thus ext(Bg+) = {x{, x%‘, —x}, —x3}. By the Krein—-Milman Theorem,
Bp+ = co{x}, x3, —x], —x3}. Therefore

Ix7 + x50l = llaf — x50 = 2.

Define the linear operator V : E* — lég), by V(x{) = (1,0) and V(x3) = (0, 1),
where lé%) is RZ with the /o-norm. It is obvious that V is a linear isometry. Therefore
E is isometric to [ {2). O

The following lemma is a simple case in dimension two of the fact that two linear
functionals are linearly dependent if and only if they have the same kernel space.

Lemma5 Let E be a real normed space with dim(E) = 2, x, y be linearly indepen-
dent elements of E and x{, x5 € Sg=. If x{(x) = x{(y) and x5(x) = x3(y), then
xj = x5 orx{ = —xj.

Proof Sincedim(E) = 2, x, y are linearly independent elements of E and x{ (x —y) =
x5 (x —y) = 0, it follows that ker(x}) = ker(xJ), where ker(x;") denotes the kernel
(null-space) of x;* for i = 1, 2. Thus there exists k € R such that x| = kx3 (see [13],
the corollary on p.5). Because x{, x5 € Sg+, we infer thatk = 1 ork = —1. O

Theorem 2 Let E and F be real normed spaces and let T : E — F be a surjective
phase isometry. If for any two linear independent elements x, y € E, T (spanf{x, y}) C
span{T (x), T (y)}, then T (tx) € {tT (x), —tT (x)} forallx € E andt € R. Moreover,
T is phase equivalent to a homogeneous surjective phase isometry.

Proof By Lemma 1, we only have to show that T (tx) = tT(x) or T (tx) = —tT (x)
for all x € Sg and ¢+ > 0. If not, there would exist xo € Sg and f9 > 0 such that
neither T (toxog) = toT (xg) nor T (toxg) = —toT (xp). Because T is surjective, there
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exists x; € E with ||x1|| = #p such that T'(x1) = 70T (xo). Since T is injective and
odd, it follows that neither x; = fpxo nor x; = —fyxp, SO xo and x| are linearly
independent. Let £y = span{xg, x1}. By Lemma 3, we have x*(tyxg) € {£x™(x1)}
for any x* € w* — exp(Bgy).

If|w*—exp(BE(>§)| > 4, because dim(Eo) = 2,by Lemma 5, there exists x; € w*—
exp(BE(»;) such that x;(fxo) ¢ {Z£x;(x1)}, which contradicts to the fact that x*(rx) €
{£x*(x1)} for any x* € w* — exp(Bgg).

If Jlw* — exp(BEg)| = 4, by Lemma 4, Ey is isometric to lfz). Thus there exist
e1, e € B, such that |le; + e2|| = |le; — e2|| = 2. Then

{IT(er) £T(e2) I} = {lle1 £ e2|l} = {2}.

Firstly, assume that 0 < 7y < 1. Since T (span{ey, e2}) C span{T (e), T (e2)}, putting
T (toe1) = aT (e1) + bT (e2), we obtain

to = [T (toe) || = laT (e1) + bT (e2)|| = la| + |b]
and

{1+ lal +1bl, 11 = la| = 1611} = {1 + 10, |1 — 0]}
= {lIT (r0e1) £ T(eD) |}
= {ll@T (e1) +bT (e2)) £ T (eI}
={[1+al+1bl. |1 —al+|bl}
={l+10,[l —la| + [b]]},

sowe getb = 0. Thus T (tge1) = toT (eq1) or T (tge1) = —toT (e1). Secondly, if g > 1,
then T (eg) € {:I:%T(t()eo)}, so T (tpeg) € {xtoT (ep)}-

Without loss of generality, we assume that xg = «ae; + fex witha > 0,8 > 0
and @ + B = 1. Let x; = aje; + Biez. Since for any x* € w* — exp(BEg) we have
x*(tgxo) € {£x*(x1)}, we may assume that ¢y > 0, 81 > 0. Then

ar+pir =1 and it —10f = —a1+ pi. 3)
Since T'(x1) = tyT (xg), we obtain

T (x1) + 20T (e, 1T (x1) — 10T (eD) ||}
= {107 (x0) + T (eD I, 00lI T (x0) — T (e1) ||}
= {wollxo + e1ll, ©ollxo — e1l}
={to(l+a+pB),n(l —a+ B)}
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and

(T (x1) + 20T (D, 1T (x1) — 10T (en) I}
= {17 (x1) + T (e, 1T (x1) — T (toe1) I}
= {llx1 + weill, lx1 — foerll}
={to+ o1+ B1,t0 — a1 + Bi}.

By 4)and {top(1 +a+B), to(1 —a+B)} = {to + o1 + B1, to — a1 + B1}, we conclude
that#o(1 —a+ ) = to — a1 4+ B1. Hence a1 = for and B = 1y S. thatis x; = foxg and
finally T (toxo) = 10T (x0) or T (toxo) = —1toT (xg). Thus T'(tx) € {¢tT (x), —tT (x)}
forallx € Eandt € R.

To prove the last part of the theorem, by the axiom of choice, there is a set L such
that for every 0 # x € E there exists a unique element y € E such that x = sy for
some s € R. Define H : E — F by

H(x) =sT(y) forevery x=sy€kE.

Then H is well defined, homogeneous and phase equivalent to 7. O

Next result shows that a surjective phase isometry preserves the strong convexity
of its domain.

Theorem 3 Let E and F be two real normed spaces, and let E be strictly convex. If
there exists a surjective phase isometry T : E — F, then F is also a strictly convex
real normed space.

Proof If F is not strictly convex, then there exist x, y € Sg such that [x, y] C Sp.
Since T is surjective, there exist x’, y' € Sg such that T(x") = x and T'(y") = y.
Because T is a phase isometry, we have

(" + I " = Y1 = UIT D + TOOL T &) = TGO
= {llx +yll. lIx =y} = {2, llx — ylI}.

Therefore [x’, y'] C Sg or [—x', y'] C Sk, which contradicts to the strict convexity
of E. O

3 Two-dimensional normed spaces with the Wigner Property

In this section, we will show that any two-dimensional real normed spaces have the
Wigner Property. First, we recall some definitions and notations.

Definition 2 [8] Let E be a real normed space. For any x, y € Sg, x # —y, we define

the arc of x and y to be the set

. x4+ (1 =2)y
A(x’y)_{ﬂz_ 2 + (1= Ayl AE[O’”}'
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Freese et al. [8, Theorem 2.1, Theorem 2.2] gave the following important theorem
describing a certain property of a unit sphere of a two-dimensional real normed space.

Theorem 4 [8] Let E be a two-dimensional real normed space and let x, y be linearly
independent elements of Sg. If z € A(x, y) \ {x, y}, then ||x — z|| < ||x — y|, and
either |z — x| < |ly — x|l or ||y + x|l < |z + x||. Moreover, if w € A(x, y) is such
that ||x —z|| = llx —wll and |ly — zll = |y — wl, then w = z.

Let E be a normed space. Suppose that x, y € E. Then x is said to be isosceles
orthogonal to y, denoted by x Ly, if ||x 4+ y|| = ||[x — y||. Alonso [1] proved the
existence and uniqueness of an isosceles orthogonal element of a unit sphere to any
element of the unit sphere under consideration.

Lemma 6 [1] Let E be a two dimensional normed space, Suppose that x € Sg. Then
there exists a unique (up to the sign) element y € Sg such that x L1y.

Lemma?7 Let E and F be real normed spaces, dim(E) =2 andletT : E — F be a
surjective phase isometry. Then dim(F) = 2.

Proof Suppose that dim(F) > 2. Fix an arbitrary element x € Sg, and set I, := {y €
Sg ryLlix}tand Ity :={w € SF : wl;T(x)}. Since T : E — F is a surjective
phase isometry, it follows that T'(I;) = Ir(y).

Since dim(E) = 2, by Lemma 6, we know that |I,| = 2. Because dim(F) > 2, so
there exist x1, xo € S such that {T'(x), x1, x2} is a linearly independent set of F. For
any o € [0, ), let Fy = span{T (x), (cosa)x] + (sina)x,}. By Lemma 6, there exists
Xo € Sp, C Sp suchthatxy € Ir(x). Since Sr,, N Sk, ={T(x), =T (x)}, it follows
that x4, # Xy, if o1 # 2. Thus |I7(x)| = 400, which contradicts to T (1) = I7(y).

O

Theorem 5 Let E and F be real normed spaces, dim(E) =2 and let T : E — F be
a surjective phase isometry. Then T is phase equivalent to a homogeneous surjective
phase isometry.

Proof By Lemma 7, we infer that dim(F') = 2. Using Theorem 2 we deduce that T is
phase equivalent to a homogeneous surjective phase isometry. O

Theorem 6 Let E and F be real normed spaces, dim(E) =2 andletT : E — F bea
surjective phase isometry. If there exist two linearly independent vectors xg, yo € SE
such that the following conditions holds for any a, b € R:

(1) there are two real numbers a(a, b), B(a, b) with |a(a, b)| = |B(a, b)| = 1 such
that T (axo + byg) = a(a, b)T (axg) + B(a, b)T (byy);
@ii) |laxo + byo|l > max{a, b} fora > 0 and b > 0.

Then T is phase equivalent to a linear isometry.

Proof Since phase equivalence is an equivalence relationship between all surjective
phase isometries, by Theorem 5, we may assume that 7 is a homogeneous surjective
phase isometry.
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For every a, b € R with ab # 0, since T is homogeneous, it follows that

a
T(axo + byo) = bT (0 + yo)

—b [a (% 1) T (%xo) +8 (% 1) T(yo)]
a a
=« (Z, 1) T (axo) + B (Z, 1) T (byo).

Define a mapping L : E — F as follows:

0, ifa=0andb =0,
) afa, DB(a, DT (axo), ifa#0and b =0,
L@xo +550) =1 7 by, ifa =0 and b # 0,

a(5, DB(5, DT (axo) + T (byo), if a # 0 and b # 0.
It is obvious that L is a homogeneous phase isometry and it is phase equivalent to 7.

Now, we will show that «(a, 1)g(a, 1) = (1, 1)B(1, 1) for all a £ 0.
Since a # 0 and

| L(axo + yo) + L(axo — yo)ll = la(a, DB(a, 1) +a(—a, 1)
B(—a, DIIT (axp)|l € {12al, 2},

it follows that
ala, DB(a, 1) =a(—a, 1)B(—a, 1).
If0 < a < 1, because
{lIlL(axo + yo) = L(xo + yo) I} = {li(a@ + Dxo + 2yoll, 1 — a},
we get

laa(a, 1)B(a, 1) —a(l, DAL, )| = [|L(axo + yo) — L(xo + yo)l
€ {lita + Dxo + 2yoll, 1 —a}.

Condition (ii) implies that
@+ Dxo+2yll =2 >a+ 1= |aa(a, 1)B(a, 1) —a(l, DA, D],
SO
lac(a, 1)B(a, 1) —a(l, D, D] =1 —a,
that is
ala,)B(a, 1) =a(,1)B(,1) forallO0 <a < 1.
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If a > 1, because

{lIlL(axo + ayo) = L(axo + yo)ll} = {ll2axo + (a + Dyoll, a — 1},

we get

(e (1, DB, 1) + a(a, DB(a, )T (axp) + (a + DT (o) |l
€ {ll2axo + (a + D)yoll,a — 1}.

The inequality ||2axo + (@ + )yoll = 2a > a + 1 implies that
ala, )Ba, 1) =a(l,1)B,1) foralla > 1.

The equation «(a, 1)B(a, 1) = a(1, 1)B(1, 1) for all a # 0, and the definition of L
show that

L(axo + byo) = L(axp) + L(byy) (a,b € R).

This means that L is a linear isometry from E onto F. The proof is complete. O

Theorem 6 is important in the study of surjective phase isometry operators between
two dimensional real normed spaces. We will use it to show first that any two dimen-
sional strictly convex real normed space and next to show that any two dimensional
non-strictly convex real normed space has the Wigner Property.

Theorem 7 Let E be a two dimensional strictly convex real normed space and F be
a real normed space, and let T : E — F be a surjective phase isometry. Then T is
phase equivalent to a linear isometry.

Proof Since the set of smooth points of Sg is dense in Sg, we can choose xg, yo € Sg
and 0 < A9 < 1 such that ||xo — yo|| < 1 and |A0X0+(1_k0)yo X0, Yo are smooth

. (—10) [hox0+(1=20)yoll*
. _ _2oxot+(I—20)yo0 1 —
points of Sg. Let z9 = Troxor(=i)yoll* Then, by Theorem 4 we obtain ||zg — xo| <

lxo — yoll < 1and [lzo — yoll < llxo — yoll < 1. Let x5, y5, 25 € Sg+ such that
x5 (x0) =1, y5(yo) = 1 and z§5(z0) = 1. We have

x5 (v0) = x(x0) — x5 (x0 — y0) = 1 — [lxo — yoll > 0.

Similarly, we obtain yj (xg) > 0, zj;(xo) > Oand z;(yo) > 0.Foranya > 0,5 > 0,
we have

llaxo + byoll > max{xg(axo + byo), y;(axo + byo)} > max{a, b}.
Let0 < A < 1. Since
{IT (x0) + T (yo)ll, IT (x0) — T (yo)lI} = {llxo + yoll, llxo — yoll},
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without loss of generality, we may assume that ||7(xo) — T (30)|| = llxo — yoll. We
have

{IT (Ax0 + (1 = M) yo) = T (xo) I} = {(1 = Mllxo — yoll, I(1 + A)xo + (1 = A)yoll}

and

{IT (Axo + (I =) yo) = T (yo) I} = {Allxo — yoll. [IAx0 + (2 = M) yoll}-

We assume that |7 (Axg + (1 — X)yo) + T (x0)|| = (1 — A)||lxo — yoll; Other cases can
be discussed similarly. If

IT (Axo + (1 = 2)y0) = T (yo) | = Allxo = yoll.

then

llxo + yoll = 1T (x0) + T (yo)|
= IT(Axo + (1 = M) yo) + T (xo) | + IT (Axo + (1 — A)yo) — T (yo) |

= [lxo — yoll,

which contradicts to [|xo — yoll < [lxo + yoll. Thus |7 (Axg + (1 — X)) + T (o)l =
Allxo — yoll and

llxo = yoll = 1T (x0) = T (o)
= IT(Axo + (1 = M) yo) + T (xo) [ + IT (Axo + (1 — A)yo) + T (yo)

= |lxo — yoll.

By Theorem 3, the normed space F is strictly convex, so we obtain 7 (Axg + (1 —
M)yo) = =T (xo) — (1 = 2)T (yo).

Since T is surjective, let x1, xp € E such that T(x1) = AT (x9) + (1 — X)T (o)
and T'(x2) = AT (x0) — (1 = 2)T (yo).

By Lemma 1, we have —x; = Axp + (I — A)yp. Since x*(x) > O for all x* €
{x5, ¥5» 2o} and all x € {xg, yo}. It is obvious that x*(Axo — (1 — X)yo) ¢ {£x™(x1)}
forall x* € {x§, y§, 2} By Lemma 3, we infer that x* (Axo — (1 —A) yo) € {£x*(x2)}.
Thus Lemma 5 shows that Axg — (1 — A)yp € {£x2}.

By Theorem 6, we infer that T is phase equivalent to a linear isometry. O

Lemma 8 Let E be a two-dimensional non-strictly convex real normed space, T :
E — F be a surjective phase-isometry. If a segment [x,y] C Sg, then for any
0 < A < 1, there are two real numbers a()), B(A) with |@(A)| = |B(A)| = 1 such
that T(Ax + (1 — A)y) = a(MAT (x) + B(A)(A — )T (y).

Proof Forany 0 < A < 1, because [x, y] C Sg, by Lemma 1, we have | T (Ax + (1 —
MMl =1
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If lx = yll < llx 4+ yll = 2, since {||T'(x) £ T (I} = {2, llx — ylI}, without loss
of generality, we may assume that ||7(x) — T (y)|| = [|lx — y||. We have

{IITx + A =2)y) £ T} = {0 = 1llx =yl 2}.

We will consider the case | T (Ax+ (1 —A)y)+ T (x)|| = (1 —A)|lx —y|l, the other case
can be discussed similarly. If T(Ax + (1 — A)y) € A(—=T(x), T(y)), by Theorem 4,
we get

ITOx+A =) +TWMI =1 =T&) +TWI > Allx =yl
Since
{ITGx + A =2y) £TWI} = {Allx — ylIl, 2},
if 7Gx+ A =2)y) =TI = Allx =yl , then

lx +yIl =T+ T
SITGx+ A =M)y) + TN+ ITGx + (1 =2)y) =T
= [lx =¥l

which contradicts to ||x — y|| < [x +y||. Thus T(Ax + (1 —A)y) € [T (x), =T (y)]
and TOx+ (1 =2y)=-ATx)— A =M)T().

If [x = yll = lx + yll = 2, then | T'(x) + T ()|l = [T (x) — T(y)|| = 2. Without
loss of generality, we assume that |7 (Ax + (1 — A)y) + T(x)|| = 2(1 — 1) and
ITx+ A =2)Y)+ T =2A.Then T(Ax + (1 —X)y) € [-T(x), =T (y)] and
TOx+ (1 —=x)y)=—-AT(x) — (1 —A)T(y). This completes the proof. O

Theorem 8 Let E be a two-dimensional non-strictly convex real normed space and F
be a real normed space, let T : E — F be a surjective phase isometry. Then T is a
phase equivalent to a linear isometry.

Proof We will divide the proof into two cases. Case one, if E is isometric to [ ](2). Let
xo =e1 = (1,0) and yg = e» = (0, 1). Then, by Lemma 8 and Theorem 6, we infer
that T is a phase equivalent to a linear isometry.

Case two, if E is not isometric to l{z), then there exist x|, x3, x3 € exp(Bg+) such
that x* # :I:x;‘ fori # j. Since E is non-strictly convex, there exist xg, yo € Sg such
that [xo, yo] C SENsm(Sg) and |lxo — yoll < 1. x7(x0) # 0, and x; (yo) # O for
i =1,2,3. Forany 0 < A < 1, Since T is surjective, let x1, x € E be such that
T(x1) =AT(x0)+ (1 —A)T (yo) and T (x2) = AT (x9) — (1 —X)T (yp). By Lemma 8,
we get Axg + (1 — A)yo € {£x1, £x2}. Without loss of generality, we assume that
Axo + (1 = X)yo € {Fx1}. Since x; (xp) # 0 and x7*(yo) # 0, it follows that

x; (xo — (1 = A)yo) # £x; (hxo + (1 = 1) o)
fori =1,2,3.
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Lemma 3 implies that x*(Axo — (1 — M)yo) € {£x](x2)}, fori = 1,2,3. By
Lemma 5, we obtain that Axg — (1 —A)yg € {£x2}. Then, by Lemma 8 and Theorem 6,
we infer that 7T is a phase equivalent to a linear isometry. This completes the proof. O

Now, we can obtain the main result of this section using Theorems 7 and 8.

Theorem 9 If E is a two-dimensional real normed space, then E has the Wigner
Property.

4 Wigner Property on real Banach spaces of dimension at least three

In the proof of the Wigner Theorem from [22], Uhlhorn highlights the connection
between the Wigner Theorem and the First Fundamental Theorem of projective geom-
etry. The First Fundamental Theorem of projective geometry says that an abstract
automorphism of the set of lines in vector spaces which preserves “incidence rela-
tions” must have a simple algebraic form (see [7]). In this section, we will show that
the First Fundamental Theorem of projective geometry also plays an important role
in the study of real normed spaces with the Wigner Property.

Let f be a mapping from a set X into a set ¥ and let D be a subset of 2X - the
power set of X. A mapping F : D — 2Y is said to be induced or generated by f
if forevery M € D, F(M) = {f(m) : m € M}. As usual, this last set is also noted
f(M). If X is a real vector space, we denote the projectivised space (that is the
set of all one-deminsional subspaces) by P(X). The element of P(X) generated by
0 # x € X will be denoted by [x] :=R - x.

Gehér [9, Theorem 3] proved the following special case of the First Fundamental
Theorem of projective geometry for real vector spaces, which will be used later.

Proposition 1 [9] Let E| and E; be two real vector spaces of dimensions at least
three. If g : P(E1) — P(E») satisfies the following conditions:

(1) the range of g is not contained in a two-dimensional subspace of Y ;
(i) 0 # z € span{x, y} (x # 0 # y) implies g([z]) C span{g([x]), g([yD};

then there exists an injective linear transformation A : E1 — E; inducing g.

Theorem 10 Let E and F be real normed spaces, dim(E) > 3 and letT : E — F
be a surjective phase isometry. If for any two linearly independent elements x,y € E,
T (span{x, y}) = span{T (x), T (y)}, then T is a phase equivalent to a linear isometry.

Proof Since T is a surjective phase isometry and T (span{x, y}) = span{T (x), T (y)},
by Lemmas 1, 7 and Theorem 9, we deduce that T is injective, T ([x]) = [T (x)]
and T(x +y) = aT(x) + BT (y) for any x,y € E with |o|] = || = 1. Hence
the function g : P(E) — P(F), g([x]) = T([x]) is well defined. Similarly to the
proof of Lemma 7, we infer that the range of g is not contained in a two-dimensional
subspace of F. For any 0 # z € span{x, y} (x # 0 # y), because T (span{x, y}) =
span{T (x), T (y)}, so by the definition of the function g, we deduce that g([z]) C
span{g([x]), g([yD}.
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By Proposition 1, there exists an injective linear map A : E — F such that
g([x]) =[Ax)], thatis [T (x)] = [A(x)] for every x € E. Consequently, there exists
a function A : E — R such that T(x) = A(x)A(x) for every x € X. Since T is
homogeneous, A(tx) = A(x) forevery x € E and 0 # ¢t € R. Moreover, suppose that
x,y € E aretwo linearly independent vectors. Letus write 7' (x+y) = «T (x)+ 8T (y)
for some real numbers « and 8 with |a| = |8| = 1. We immediately obtain

al(xX)AX) + BAAY) =Tx +y) = A(x + y)AX) + A(x + y)A(y),

so A(x +y) = aA(x) = BA(y). As a consequence, |A(x)]| is a constant for any x € E,
which we denote by A. Hence we can define a desired phase function ¢ : E — {—1, 1}
such that 7 = eAA. Thus T is phase equivalent to the linear isometry L A. O

Using the above result we can prove the following

Theorem 11 Let E be a real strictly convex normed space. Then E has the Wigner
Property.

Proof If dim(E) = 2, then E has the Wigner Property by Theorem 9. Let us assume
that dim(E) > 3, F is any real normed space and 7 : E — F is a surjective
phase isometry. We will show that T is a phase equivalent to a linear isometry. By
Theorem 10, we need only to prove that T (span{x, y}) = span{7 (x), T'(y)} for any
two linear independent elements x, y € E.

Since E is a real strictly convex normed space, we can prove that 7' (rx) = 7T (x)

or T(tx) = —tT(x) forany x € E and ¢ € R in the same way as in the proof of
Theorem 2. For any two linear independent elements x, y € E, let Eg = span{x, y}.
Then there exist xg, yo € Sg, such that ||xo — yoll = llxo+yoll and Eq = span{xo, yo}.

To show that 7T (span{xg, yo}) = span{T (x¢), T (yo)}, we only have to show that for
any0 < A < 1, T(Axo = (1 —A)yo) = AT (x0) +B(1 —1)T (yp) with || = |B] = 1.

Firstly, we will show that T (Axo 4+ (1 — X)yo) = aAT (xo) + B(1 — X)T (yo) with
la] = |B] = 1. Since

{7 xo + (1 —2)yo) £ T (xo) I} = {(1 — A)llxo — yoll, (1 + A)xo + (1 — A)yoll}
and
{IT (Axo + (1 = 2)yo) £ T (o) I} = {Allxo — yoll, IAxo + (2 — A)yoll},

without loss of generality, we may assume that|| 7 (Axg + (1 — A)yo) + T (xg)|| =
(I =) llxo — yoll and || T'(Axo + (1 — A)yo) — T (yo)ll = Allxo — yoll. Then

1T (x0) + T (o)l < IT(xo + (1 —2A)yo) + T (xo)l
+IT (Axo + (1 — A)yo) — T (yo)ll
= [lxo — yoll
= |IT (x0) + T (o)l
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The last equality holds because ||xo + yo|l = ||xo — Yol and

{IT (x0) =T (yo) I} = {llxo + yoll, llxo — yoll}-

By Theorem 3, F is a strictly convex normed space and we get T (Axo+ (1 —21)yp) =
—AT (x0) — (1 = )T (yo).

Similarly, we can prove that T (Axg — (1 — X)yg) = AT (x0) + B(1 — AT (yo)
with || = |B| = 1. This completes the proof. O

Since every inner product space is a strictly convex normed space, by Theorem 11,
one can easily get the following

Corollary 1 Let E be a real inner product space and F be a real normed space. Let
T : E — F be a surjective phase isometry. Then F is a real inner product space.

Theorem 12 Let E be a real normed space. If for any three different points x, y, z € E
with ||x]|| € {lyll, Izl]} there exists x* € w* — exp(Bgz) such that x*(x) ¢
{£x*(y), £x*(2)}, where Eo = span{x, y, z}, then E has the Wigner Property.

Proof Let F be any real normed space and 7 : E — F be a surjective phase isometry.
By Theorem 10, we need only to prove that for any two linearly independent elements
X,y € E there exist o, B € R with |¢| = |B] = 1 such that T(x + y) = o«T(x) +
BT (y). If not, there would exist xp, yo € E such that T (xo + yo) ¢ {£(T (x0) +
T (y0)), =(T (x9) — T (y0))}. Since T is surjective, there exist xj, xo € E such that
T(x1) =T (x0) + T (yo) and T (x) = T (x0) — T (y0). Because

{lxells llx2ll} = {IT (xo) + T (o) I, 1T (x0) — T (yo)II} = {llxo + yoll. llxo — yoll}.

so |lxo + yoll € {llx1ll, llx2]l}. Then there exists x* € w* — exp(Bgg) such that
x*(xo + yo) & {£x*(x1), £x*(x2)}, where Eg = span{xg + yo, X1, X2}, which leads
to a contradiction by Lemma 3. This completes the proof. O

It is obvious that the dimension of the subspace E( in Theorem 12 is less or equal
to three. Thus a three-dimensional subspace plays a very important role in the study
of real normed spaces with the Wigner Property. Hence it seems to be natural to rise
the following two problems.

Problem 2 Does every real normed space have the Wigner Property if and only if its
every subspace of the dimension three has the Wigner Property?

Problem 3 Does every real normed space of the dimensional three has the Wigner
Property?
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