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Transformations on the set of all n-dimensional subspaces
of a Hilbert space preserving orthogonality

By MATE GYORY (Debrecen)

To the memory of Professor B. Brindza

Abstract. In our paper we generalize Uhlhorn’s version of Wigner’s famous
unitary-antiunitary theorem by describing the transformations preserving the or-
thogonality between higher dimensional subspaces under certain conditions.

1. Introduction and Statement of the Results

Wigner’s classical unitary-antiunitary theorem has several formula-
tions. One of them describes the bijections on the set of all 1-dimensional
subspaces of a Hilbert space which preserve the angles between those sub-
spaces. This fundamental result has been extended in (at least) three
directions:

e if the underlying Hilbert space is at least three-dimensional, then,
keeping the condition of bijectivity, the assumption of preserving an-
gles can be replaced by the rather mild condition of preserving orthog-
onality in both directions; this is called UHLHORN’s version of Wigner’s
theorem (cf. [9]),
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e keeping the condition of preserving angles, the assumption of bijec-
tivity can be omitted (in this case the transformation is induced by a
linear or conjugate linear isometry instead of a unitary or antiunitary
operator; see [1], [8]),

o MOLNAR [7] extended Wigner’s result to higher dimensional subspaces,
namely he obtained the following result. If n is a positive integer, H is
a Hilbert space with dimension not less than n and n =1 or dim H #
2n then any transformation ¢ on the set of all n-dimensional subspaces
of H, which preserves the so-called principal angles (see the definition
below) between those subspaces, is of the form ¢(M) = V[M], where
V is a linear or conjugate linear isometry on H. Moreover, if H is
an infinite dimensional Hilbert space, then a surjective transforma-
tion ¢ on the set of all infinite dimensional subspaces of H, which
preserves the principal angles between those subspaces, is of the form
¢(M) = U[M], where U is a unitary operator or antiunitary operator
on H.

For further generalizations see e.g. [3]-[6]. In this paper we extend Wigner’s
theorem simultaneously in all the three directions above.

We introduce some concepts and notation. Let H be a (real or com-
plex) Hilbert space and for any n € NU {oco} set

H, = {M C H | dimM =n, codimM >n, M is a closed subspace},
H(n) = {M C H|dimM >n, codimM >n, M is a closed subspace}.

We say that a transformation ¢ : H,, — H,, preserves orthogonality in both
directions, if for any M, N € H,, we have

M LN & ¢(M)LG(N).

For any closed subspace M C H, let P;; denote the orthogonal projection
to M. Following MOLNAR [7] we say that ¢ preserves principal angles if
for any K,L € H,, the positive operators Px Pr Py and Py Pg(r) Py(xo)
are unitarily equivalent. It is clear that if ¢ preserves principal angles then
it also preserves orthogonality in both directions.

We now present our results. In the Theorem below we characterize the
transformations ¢ on H,, which preserve orthogonality in both directions
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under certain natural conditions. Owur basic idea is to show that ¢ is
induced by a transformation acting on the 1-dimensional subspaces of H,
and then we apply UHLHORN’s result [9].

To formulate the Theorem, we remark that if dim H < 2n then there
do not exist two orthogonal n-dimensional subspaces of H, thus in this
case the condition of preserving orthogonality has no meaning. In the
Proposition we show that the case in which dim H = 2n € N is singular
in a certain sense. Further, if n = co then subspaces of finite codimension
are clearly not orthogonal to any infinite dimensional subspace, and so
the property of preserving orthogonality cannot imply anything for them.
Therefore, in the case when n = oo, we consider subspaces of infinite
dimension and infinite codimension. In the case 2n < dim H < 3n the
proof of Step 5 would be much longer, hence we omit that case. These
justify the assumption (1) below.

Theorem. Let H be a Hilbert space and n € NU {oco} with

dimH >3n if n€N,
{ (1)

dimH =oc0 if n = o0,
and let ¢ : H, — H,,.

If ¢ : H, — H, is surjective, then ¢ preserves orthogonality in both
directions if and only if there exists a unique bijection ¢ : Hy — Hy which
preserves orthogonality in both directions, and for any K € H,, we have

¢(K) = span{y(X) | X € Hi, X C K}, (2)

where span denotes the generated linear subspace.

Thus, by Uhlhorn’s theorem, if n € N U {oo} is such that (1) holds
and ¢ : H, — H, is surjective, then ¢ preserves orthogonality in both
directions if and only if there exists a unitary or antiunitary operator U
on H such that for any K € H,, we have

¢(K) = U[K]. 3)

If H is finite dimensional, then ¢ preserves orthogonality in both di-
rections (surjectivity is not assumed) if and only if there exists a unique
transformation v : Hy — Hy which preserves orthogonality in both direc-
tions and for any K € H, (2) holds. Moreover, if ¢ preserves principal



236 Maté Gyory

angles then 1) also preserves angles, thus in this case ¢ is of the form (3)
with a unitary or antiunitary operator U on H.

Remark. We make some short remarks.

e We learn from [7] that if ¢ preserves principal angles then ¢ is of the
form (2) even in the case n < dim H < 3n.

¢ As for the case dim H = 2n € N, observe that the bijection ¢ defined
by ¢(K) = K+ (K € H,) preserves principal angles, but is not of the
form (3) (cf. [7]).

o We mention that the Theorem implies MOLNAR’s result [7] in the case
when H is finite dimensional.

e Qur Theorem implies that surjective transformations on H,, which
preserve orthogonality in both directions are the same as surjective
transformations which preserve principle angles. In the case n = 1
this is a trivial consequence of Uhlhorn’s theorem.

* We note that in every step except Step 5 the condition dim H > 2n
is enough, and we use the condition dim H > 3n in Step 5 only. It is
possible to prove our theorem for dim H > 2n, but in that case the
proof of Step 5 is much longer, hence that case will be omitted.

The following Proposition shows that the Theorem is not valid if
dim H =2n € N.

Proposition. If 2 < n € N and dim H = 2n, then there exists a
bijection ¢ : H, — H, which preserves orthogonality in both directions
but is not of the form (2).

2. Proofs

PROOF OF THE THEOREM. For any M € H(,) let

$(V) = span{o(K) | K € Hy, K C V). (4)

Since V' € Hy,), there exists M € Hy, with M L V. Now for any K € Hy,
with K C V', we have M L K which implies ¢(M) L ¢(K). Thus ¢(M) €
Hy and ¢(M) L 4 (V), hence (V) € H,). Therefore v : H(,y — Hy).
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Let n € NU {oo} such that (1) holds, and let ¢ : H, — H, be
an operator which preserves orthogonality in both directions. As in the
statement of the Theorem, in the case dim H = oo we also assume that ¢
is surjective. Clearly, if n = oo then dim H = oo.

Our theorem will be proved in several steps.

Step 1. For any V1,V € H(,,) we have
ViV, & ¢(V1) - ’(ﬂ(Vg) and Vi LVy & ?ﬁ(Vl) 1 ’(ﬂ(Vg)

Now 1 is clearly injective.
Moreover, if n < oo, then for any K € H,, obviously ¥(K) = ¢(K)
holds.

Let V1, Vo € H,y. If Vi C V5 then, by (4), it is trivial that ¢(V;) C
¥(Va).

If Vi € V; then, by codim Vo > n, there exists M € H, for which
M 1L Voand M } Vi. Now there exists N € H, with N CVy, M Y N. So
H(M) £ (N) C (W), thus o(M) £ $(Vi). For any K € Hy, K C V3 we
have M L K, which implies ¢(M) L ¢(K). Hence, by (4), p(M) L (V2).
Thus (Vi) £ 6(M) L (Va), which yields (Vi) ¢ (Va).

If i L V5 then for any M,N € H,, M C Vi, N C V5, we have
H(M) L $(N) which gives ¥(Vi) L $(Va).

If Vi Y V5 then there exist M, N € H, with M C Vi, N C V5 such
that M £ N. Now (V1) 2 ¢(M) L ¢(N) C 9 (V2), thus (V1) L (Va).

Step 2. For any V € H,) we have
dim (V) > dim V, (5)
codim ¢(V') > codim V. (6)

Hence for any m € NU{oo} for which (1) holds, we have 1 : H ) — H .
Moreover, for any K € H,, we have ¢(K) = (K ), which implies that ¢ is
also injective.

If dim V' = oo then (5) is trivial. Assume that n < dimV < oco. Let
Vi€ Hy (n <k <dimV) with V,, S Vo1 G --- S Vaimyv = V. By Step 1,
we have ¢(Vn) ; Qﬁ(Vn—I—l) ; ; w(vdim\/)a whence n = d1m¢(vn) <
dim ¢ (Vy41) < -+ < dim ¢ (Viim v) = dim V', which implies (5).
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Now, applying (5) to V1, we obtain that dim(V+) > dim V+. By
Step 1, we have (V) L (V*1), whence codim¢(V) = dimy(V)+ >
dimy(V+) > dim V1 = codim V' (6).

If dim H < oo then ¢(K) = ¢(K) is now trivial.

Finally, let dimH = oo and let K € H, be arbitrary. Now ¢ is
surjective by assumption, and, by (4), we have ¢(K) C ¢(K). Suppose
on the contrary that ¢(K) & (K). Then there exists L € H, with
o(L) L Y(K) and ¢(L) L ¢(K). Hence by (4) there exists M € H,,
M C K with ¢(M) L ¢(L). Now Step 1 yields K D M ) L 1 K, which
is a contradiction. Therefore ¢p(K) = ¢ (K).

Step 3. If ¢ is a bijection then define 1~! for ¢~ as 1) was defined
above for ¢. Now for any V € H(,y we have ¢~ (¢(V))=¢(yp~1(V))=V.
Thus, if ¢ is a bijection, then so is 1.

Let V € H(,) and K € H, be arbitrary with K C ¢ (V). Suppose
on the contrary that ¢~'(K) ¢ V. Then there exists L € H,, with L [
¢ 1K), L LV.Now ¢(L) } K C(V) L ¢(L), which is a contradiction.
Thus for any K € H, with K C ¢(V) we have ¢—'(K) C V. This yields
Y~ (V) C V. For any K € H,, with K C V we have ¢(K) C ¢(V),
which implies K = ¢~ !(¢(K)) C 1 (¢(V)). Hence V C 4~ ((V)),
and thus ¢~ (¢(V)) = V.

Step 4. For any V € H(,) we have dimy (V) = dimV and Y(VE) =
b(V)*.

If dim H < oo then by Steps 1 and 2 we are done.

If ¢ is bijective then, applying (5) to 1 and ~!, by Step 3 we ob-
tain that dimV = dim¢~'(¢(V)) > dim4(V) > dimV, which gives
dim (V') = dim V. Moreover,

G p(VHE) Ly (p(vh) = v

whence 1~ ((V1)1) C V. Steps 1 and 3 now yield that ¢(V+)+ C 4(V).
This implies (VL) D (V)L D ap(V 1),

Step 5. For any X € Hy and V € H, with V | X, let

Py (X) =p(V)En(V + X).
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Then dim 1y (X) = 1, and ¢y (X) does not depend on V. Now let (X)) =
Y (X).

Let V € H, be arbitrary such that V' L X. Step 1 implies (V') ;Ct
Y(V + X), whence dim¢y(X) > 1. If dim H < oo then, by Step 4, we
infer that dim(V + X) = dim(V + X) = dim (V) + 1 = dim¥(V) + 1,
whence dim ¢y (X) = 1. Suppose temporarily that dim H = co. Then ¢
and 1 are bijections. If dimy (X) > 1 then there exists U € H(,) such
that (V) S U S ¢(V +X). By Step 1 now we get V S ¢~ 1(U) S V+X,
which is a contradiction. Thus

dim ¢y (X) = 1 (7)

for any V € H,, with V' 1 X.

Suppose now that n € N. We show that for any V;,Vo € H, with
Vi, Vo L X we have ¢y, (X) =1y, (X). By dim H > 3n there is V € H,, with
V L X,V1,Va. We have X + V1 +V € H,,y, whence dim (X + Vi + V) =
dim(X+V1+V) = 2n+1. Now dim((X +V4)) = dim(p(X +V)) =n+1
and Y( X+ V1), (X +V) CP(X+Vi+V) yield (X +Vi)Np(X+V) # 0.
Let Y CY(X +V)Nyy(X +V) withdimY =1. ThenY Cy(X +V;) L
P(V)and Y C (X +V), hence Y = ¢y (X). Similarly, Y = ¢y, (X), thus
Yy, (X) = ¢y (X). Similarly again, we obtain ¢y, (X) = 1y (X), hence
(% (X) = QﬁV2(*X7)'

Suppose now that n = co. Then v is a bijection. Let V7,V € H,, be
arbitrary with V;, Vs 1 X. Then there exist kK € N and Uy,...,U, € H,
with Vi =Uy, Vo =Ug, Uy,..., Uy L X, U; L Ujy1 and U; + U1 + X €
Hg,y for any 1 < i < k. Let 1 < i < k be arbitrary. Now ¥(U;) L
1/J(Ui+1) + wUﬁ_UiJrl (X) - w(Uz + Ui-l—l + X) implies Uz L ¢_1(¢(Ui+1) +
VU401 (X)) € Ui + Ui + X, Thus = ($(Ui1) + Yu4u,,, (X)) C
Uit1 + X, whence ¢(Uit1) + Yu,4v,1,(X) € Uiy + X). By (7) and
1/}Ui+Ui+1(X) 1 ¢(Ui+1) we obtain wUH—UHl(X) = 1/}Ui+1 (X) Similarly
¢U¢+Ui+1 (X) = Yu, (X), which yields Yu; (X) = ¢Ui+1 (X), and so we are
ready.

Step 6. For any X € Hy and V € H,), X CV implies that )(X) C
(V).

Let X € HHand V € H(n) with X C V. If dimV > n or n = oo then
there exists Vy € H,, for which ¥, € VN X", whence, by Step 5, we obtain
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that
P(X) = P (X) SYP(Vo + X) CY((V).

Now assume that n < oo and dimV = n. For any U € H, with
U CV+, we have (X)) = Yy (X) = ¢(U)* Ny(U + X) L ¢(U), and thus
Y(X) L p(V4E). Step 4 now yields 1(X) C (V)L = (V).

Step 7. For any X,Y € Hy, we have
X LY & ¢(X) LypY).

Suppose that X L Y. Then there are M, N € H, such that M 1 X,
M1Y N1X,NLMandY CN. By Steps 1 and 6, we obtain that
B(X) C (X + M) L $(N) D (Y), whence $(X) L $(Y).

Now suppose that X /Y and suppose on the contrary that (X)) L
¥(Y"). Then there exists an M € H, with M L X, M 1L Y. By Step 6, it
is easy to see that ¢(M) L ¢(X) and ¢(M) L (Y). Thus (M + X) =
W(X) @ ¢(M) L (). Let Ky, N € H, such that X C Ky C M + X
and Y, Kx L N. Then ¢(Kx) L ¢(N) and ¢(Kx) C (M + X) L ().
Hence (Y + N) = (YY) ® ¢(N) L ¢(Kx). Now let Ky € H, with
Y C Ky CY+ N. Then ¢(Ky) C (Y + N) L ¢(Kx), which implies
?(Kx) L ¢(Ky). Thisleads to X C Kx L Ky DY, thus X L Y, which
is a contradiction. Therefore (X)) L ¢(Y") indeed.

Step 8. If ¢ is a bijection then v : Hy — H7 is also a bijection.

Let ¢ be a bijection. Now there exists ¢»~! : H; — H; corresponding
to ¢! as ¢ corresponds to ¢. We shall apply the above results also to 1.
Let V € Hy. Then there exist V1, Vs, € H,, for which V' = V; N V5. Hence
$L(V) C 71(Vh) N 671 (Va), thus w(w-1(V)) € ¢(¢71(Vh)) = V4 and
d(y~1(V)) C ¢(¢7 (Vo)) = V. This implies that {0} # ¢ (¥~'(V)) C
VinVe =V. By dimV = 1, we obtain that ¢(¢~*(V)) = V. Similarly,
1 (1/1(V)) = V. Now it is already clear that 1 is a bijection.

Step 9. For any V € H,, we have ¢(V) = span{¢(X) | X € Hy,
XCcV}.

By Step 6, it is clear that (V') D span{y(X) | X € H;, X CV}.
If dim H < oo then, by Steps 4 and 7, we are ready.
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Now let ¢ be surjective and let Y € H; be arbitrary with Y C (V).
Then, by Step 8, v is also a bijection. Applying Steps 3 and 6 to ¢!,
we deduce that v~ 1(Y) C ¢~ 1 (¢(V)) = V. Hence Y = ¢(v~1(Y)) C
span{y(X) | X €e H;, X CV}. Thus (V) C span{y(X) | X € H;, X CV},
which completes the proof.

Step 10. If ¢ preserves principal angles then 1) also preserves angles.

Let X,Y € H; be arbitrary, and let Nx, Ny € H(,_1) be orthogonal
subspaces which are also orthogonal both to X and to Y, and for which
Kx=X®Nxe€H, and Ky =Y & Ny € H,. Let e, (a € A) be pairwise
orthogonal 1-dimensional subspaces of Nx with Nx = span{e, | a € A},
and similarly, let fg (8 € B) be pairwise orthogonal 1-dimensional sub-
spaces of Ny with Ny = span{fs | 5 € B}.

By Steps 7 and 9, we have

acA acA
Piy =Py + ) Pr. Pyey) = Pyvy + ) Pugsy);
BeB BeB

and so

Pyx)y Py Pycx)
:(Pw()o + Pw(ea>) (Pw(Y) +> Pw(f5)> (Pw(X) + Pw(ea)>
acA ﬂGB acA
:P¢(KX)P¢(KY)P¢(KX) = UKXyKYPKXPKYPKXU;()(,Ky

=Ukx Ky (PX +Y Pea) (PY +Y Pfa) (PX +y Pea)Ufcx,Ky
a€cA peB a€cA

=Uk iy Px Py PxUje, i, -
Now, by Steps 7, 8, 9 and 10, the proof of the Theorem is complete. [
PROOF OF THE PROPOSITION. Let
A={{K,K+} | K € H,}.

By the axiom of choice, there exists a set A which contains exactly one
element of each set in A. Let £ : A — A be an arbitrary bijection, and
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define ¢ : H, — H, by

E(K) if KeA,
(Kt otherwise.

It is clear that ¢ : H, — H,, is a bijection which preserves orthogonality
in both directions. If n > 2 then it is easy to see that we may choose a
bijection & such that ¢ is not of the form (2). O
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