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Abstract. We see in this article that the extended version of a real counterpart of qubit density
matrices introduced by Abraham Ungar, called a Mdébius matrix, is indeed a normalized Lorentz
boost by finding its spectral decomposition. Using the gyrogroup isomorphism between the set of all
Lorentz boosts and the Einstein gyrogroup on the open unit ball of the n-dimensional Euclidean
space, we give a gyrogroup structure on the set of Lorentz boosts and compute various metric
formulas of Lorentz boosts such as the Riemannian trace metric, Hilbert projective metric, fidelity
and Wasserstein distance in terms of Lorentz gamma factors.
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1. Introduction

Hendrik Lorentz was seeking the transformation under which Maxwell’s equations
are invariant when transformed from the ether to a moving frame. In 1905 Henri
Poincaré recognized that the set of such transformations form a group named the
Lorentz group. Later in the same year Albert Einstein derived the Lorentz trans-
formation under the assumption of the principle of relativity and the constancy of
the speed of light in any inertial reference frame. The Lorentz transformation of the
relativistically admissible vector is currently an important tool in special relativity,
since it enables us to study relativistic mechanics in hyperbolic geometry. It also
may include a rotation of space, and especially a rotation-free Lorentz transforma-
tion, which is called a Lorentz boost:

T
Tu TYull
B(u) =
(Ll) ( Tall I+ lziuuuT > )

where u is the column vector in the open unit ball B of R" and ~, = (1 —
|ul*)~*2 is the well-known Lorentz gamma factor. Note that the Lorentz boost
is a symmetric, positive definite, and member of the Lorentz group O(1,n). Via
a spectral decomposition of Lorentz boost, we mainly study the algebraic structure
and metrics on the set of Lorentz boosts in this paper.

In Section 2 we review a non-associative algebra structure (called a gyrogroup) with
the typical example on the open unit ball of R™, the Einstein gyrogroup (B,®),
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where @ denotes the Einstein’s relativistic sum (1) of admissible vectors in B.
We also review Ungar’s gyrometric o(u,v) = || — u @ v| and a rapidity metric
dg(u,v) := tanh™' p(u, v) on the Einstein gyrogroup, which are important notions
in this paper. In Section 3 we provide a gyrogroup structure on the set of Lorentz
boosts and see a gyrogroup isomorphism between the set of Lorentz boosts and the
Einstein gyrogroup (B, ®).

In [23, Section 9.5] A. A. Ungar has introduced the real counterpart of qubit density
matrices and has suggested its extended version as certain type of higher-level quan-
tum states, called a Mobius matrix, although it is not a natual extension of qubit
density matrices. Meanwhile, we find out it as a normalized Lorentz boost via its
diagonalization in Section 4. So there is a gyrogroup structure on the set of Lorentz
boosts equivalent to the Einstein gyrogroup, which gives us a useful tool to compute
easily various distances and fidelity.

In [11] Lawson and Kim have derived the following relationship between the Rieman-
nian trace distance ¢ of Lorentz boosts and the rapidity metric dg on the isomorphic

Einstein gyrogroup:
1
dp(u,v) = —=0(B(w)*, B(v)?)

for u,v € B, where 6(A, B) := || log(A~'"/2BA~1/2)||, for positive definite matrices
A and B. The Hilbert projective metric has been issued as an important distance
measurement for quantum states (see [21]), and so we compute it for Lorentz boosts
and Mobius matrices and obtain the relation with the rapidity metric on the Einstein
gyrogroup in Section 5. We also calculate the fidelity and Wasserstein distance for
Lorentz boosts and give explicit formulas in terms of Lorentz gamma factors in
Section 6. Finally we close with some interesting open questions about gyrocentroid
and barycenters with respect to the Riemannian trace distance and Wasserstein
distance.

2. Gyrogroup and the rapidity metric

We review first the Einstein’s relativistic sum of admissible velocities of which magni-
tude is less than the speed of light ¢ = 3 x 10° km/sec. In our purpose of this article,
we assume the speed of light is normalized by the value 1, so that the admissible
vectors are in the open unit ball

B.={veR": |v| <1},

where || -|| is the Euclidean norm on R™. Then the relativistic sum of two admissible
vectors u and v in B is given by

1 1 Yu T }
ubv=—<su+—v-+ uvu,, 1
1+uTV{ Yu 1+7u( ) (1)

where 7, is the well-known Lorentz factor
1

Ta = —————.
V1=l

Note that u’v is just the Euclidean inner product of u and v written in matrix
form.

(2)
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Definition 2.1.  The formula (1) defines a binary operation, called the Einstein
velocity addition, on the open unit ball B of R”.

Remark 2.2. By applying the Lorentz boost

T
Yu Yul
B(u) = ( yau I+ % yu? ) (3)

14+vu

to the column vector [ 'V |, we obtain that B(u) o) = Tusy 7
vV Yy V Yuav(1 O V)

where we use the gamma identity Yugv = Yayw(1 +ufv). So we can alternatively
get the Einstein addition u & v of two admissible vectors u and v in B.

To abstractly analyze Einstein velocity addition in the theory of special relativity,
A. A. Ungar has introduced and studied in several papers and books structures that
he has called gyrogroups; see [23] and its bibliography. His algebraic axioms are
reminiscent of those for a group, but a gyrogroup operation is neither associative nor
commutative in general.

Definition 2.3. A triple (G,®,0) is a gyrogroup if the following axioms are
satisfied for all a,b,c € G.

(Gl) 0®a=a®0=a (existence of identity);
(G2) a® (—a) = (—a) ®a =0 (existence of inverses);
(G3) There is an automorphism gyr|a,b] : G — G for each a,b € G such that

a® (bdc)=(a®b)® gyr|a,blc (gyroassociativity);
(G4) gyr[0,a] = ide;
(G5) gyr|a & b, b] = gyr[a,b] (loop property).
A gyrogroup (G, ®) is gyrocommutative if it satisfies
a®b=gyra,b](b® a) (gyrocommutativity).

A gyrogroup is uniquely 2-divisible if for every b € G, there exists a unique a € G
such that a ® a = b.

The map gyr|a, b] is called the gyroautomorphism or Thomas gyration generated by
a and b, which is analogous to the precession map in a loop theory. It has been
shown in [22] that gyrocommutative gyrogroups are equivalent to Bruck loops with
respect to the same operation. It follows that uniquely 2-divisible gyrocommutative
gyrogroups are equivalent to B-loops, uniquely 2-divisible Bruck loops. J. Lawson
and Y. Lim have recently introduced dyadic symmetric sets in [13] and showed the
equivalence with uniquely 2-divisible gyrocommutative gyrogroups. In our purpose
of this article we follow the notion of gyrogroups.

A. A. Ungar has shown in [23, Chapter 3] by computer algebra that Einstein addi-
tion on the open unit ball B is a gyrocommutative gyrogroup operation, and the
gyroautomorphisms are orthogonal transformations preserving the Euclidean inner
product and the inherited norm. We call (B, @®) the Einstein (gyrocommutative)
gyrogroup, where @ is defined by the equation (1).
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Remark 2.4.  We note that the Einstein gyrogroup (B, ®) is uniquely 2-divisible;
for any v € B there exists a unique

w=_—" veB

I+

such that w @ w = v (see the equation (6.297) of [23]). We denote it simply by
w:=(1/2)®v,orv=2Qw.

In [23, Chapter 6], furthermore, he has considered what we call the Ungar gyrometric
o and the rapidity metric d on the Einstein gyrogroup (B, ®) defined by

o(u,v) = || —u @ v], du,v) = tanh " o(u,v).

For real numbers s and t, we define

s+t

SOt = —
14 st

the restricted Einstein addition analogous to the Einstein sum of parallel vectors. We
remark some properties of the Ungar gyrometric and the rapidity metric on (B, ®).

Lemma 2.5.  The following properties hold for all u,v,w € B.
() 0< ofwv),d(u,v)
(i) o(u,v)=0&d(u,v)=0u=v
(iii) o(u,v) = o(v,u), d(u,v) =d(v,u)
(iv) lud v| < luf| & [[v] < o(u,w) < o(u,v) ® o(v, w)
& d(u,w) <d(u,v) +d(v,w)
(v) oludv,udw)=o(v,w) and dlu@v,u@dw)=d(v,w)
The next proposition and proof appear in Theorem 3.46 of [23].

Proposition 2.6.  The inequality ||u @ v| < ||lu|l @ ||v| holds in the Einstein
gyrogroup (B, ®), and hence the rapidity metric d for this gyrogroup is indeed a
metric.

The following shows a relationship of metrics on gyrocommutative gyrogroups under
an injective homomorphism that plays an important role in our results.

Lemma 2.7. ([10, Lemma 4.2]) Let (G1,®1,01) and (Ga,@9,02) be gyrocommu-
tative gyrogroups equipped with metrics dy and dy invariant under left translations,
respectively. Let f : Gy — Ga be an injective gyrogroup homomorphism. Then
do(f(2),09) < Kdi(x,01) for each x € Gy and for some k > 0 if and only if
do(f(2), fy)) < kdy(z,y) for all x,y € Gy. The equalities are preserved each other.

3. Gyro structure for Lorentz boosts

Let P,41 be the set of all Lorentz boosts given in the equation (3). A Lorentz
boost is a positive definite member of the Lorentz group O(1,n), the group (under
composition) of all linear transformations preserving the Lorentz form £ defined by
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L{(s, 21, x0), (t, Y1, Yn)) = —st + Z:z:lyZ
i=1

Indeed, a Lorentz boost is a member of the restricted Lorentz group SO™(1,n), the
identity component of the Lorentz group consisting of all proper orthochronous maps.
The following is a basic fact; for example, see (10.1) of [9].

Lemma 3.1.  The mapping v — B(v) is a bijection from the open unit ball B to
the set of positive definite elements in SOT(1,n).

We provide a diagonalization of Lorentz boost to obtain our results later.

Lemma 3.2.  ([11, Theorem 5.6]) For each v € B there exist an orthogonal matriz
Oy and a diagonal matrixz Dy,
1 1 A0
— V2 v 0 0 _ 1 0
Ov - 1 v 1 v u oou ) Dv - 0 Y
V2Vl V2l ! n-l 0 I,

such that B(v) = OyD,OL | where {u; : viu; =0 forall j =1,2,...,n— 1} is

v
an orthonormal set obtained by the Gram-Schmidt process, and

1
A= LI
L= vl

From the polar decomposition of B(u)B(v) for u,v € B we have the relation

1/2

Bu&v) = (B(u)B(v)’B(u)) ", (4)

see [11] for more details. Hence, we obtain

Theorem 3.3.  The Lorentz boost map B is an isomorphism from (B, ®,0) to
(Pps1, %, 1), where B(u) B(v) = (B(u)B(v)2B(u))"?.

Furthermore, the powers and roots in (P,.1,%) agree with those of matriz multipli-
cation.

On the cone €24 of all (n+ 1) x (n+ 1) positive definite Hermitian matrices, the
squaring map D : Q.1 — Q,41, D(A) = A? gives us a different algebraic structure
on the set PP, ;. We note that the squaring map D is a bijection since any positive
definite Hermitian matrix has a unique square root in €2,,11.

Theorem 3.4.  The composition D o B : (B,®,0) — (Puy1,%,1) is also an
isomorphism, where B(u) x B(v) = B(u)'/2B(v)B(u)'/2.

Remark 3.5.  From Theorem 3.3 and Theorem 3.4 we see that both (P41, %, 1)
and (P11, *, ) are uniquely 2-divisible gyrocommutative gyrogroups. Moreover, we
have B(2®v) = B(v)?, B((1/2) ® v) = B(v)'/? for any v € B.
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4. Mobius matrices and Lorentz boosts

A qubit density matrix is a 2 x 2 positive semidefinite Hermitian matrix with trace
1. It can be described by a Bloch vector v = (v, v, v3) € R? such as

B 1 1+v3 v —v9 . 1
V= ( v1+ivy 1 —us o 5([2 T V10 + V20, + U3az>’ <5)

where I denotes the 2 x 2 identity matrix and

(01 (0 =i /1 0
2=\10 )% i o )% o —1

are Pauli matrices. It is known that all qubit mixed states, or 2 x 2 invertible density
matrices, are parameterized by the open unit ball B in R3.

In general, it is difficult to extend the qubit mixed state p, to a density matrix which
is parametrized by an n-dimensional Bloch vector v € B for n > 3. On the other
hand, A. A. Ungar has suggested in [23, Section 9.5] the real counterpart pus. of py
that shares similar properties with p, and its extended version such as

2 _ 1 T
[ _ 2/7v 1 272 v
n,v — 1 T
(n—3) 4442 \4 szln + vV
-3 v vy vy e Un
27 1 )
U1 7z T U1 V1V2 v1U3 e V1Up
1 2
2 1 ..
B 22 Vg V19 32 + v5 1’02?]3 , VaUp,
- < - . —_— “ .. ?
(n _ 3) + 47‘2, V3 V1V3 VaUs 32 + v3 V3Up,
1 2
Un U1Un V2Up U3Up 22 + v,

where [, is the n X n identity matrix. One can see that j,, isan (n+1) x (n+1)
symmetric matrix, called a Mobius matriz, parameterized by the vector v € B.
Although it is not a natural extension of the qubit density matrix, it is meaningful
that we explore i, v as a density matrix in the study of higher-level quantum states.
Via a diagonalization of p,, we confirm that it is a normalized Lorentz boost
generated by the vector 2 ® v.

Theorem 4.1.  For each v € B there exist an orthogonal matrix Oy, and a
diagonal matrix Dy
1 _ L e
OV = ( 1/5 1\/5 ! ! > )
VETY vapY et
A20
1
D, = = 0

—_ 0
_ 2 A2
(TL 3) + 47v 0 Infl

such that p, = OLD,O, where {u; : viu; =0 forall j=1,2,...,n—1} is an
orthonormal set obtained by the Gram-Schmidt process, and

1
A= LIVl > 1.
1= |v]
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n —3) + 42 1— 5 v’
Proof. Let A= %/Ln,v = ( VQ"YV Q%In I ) i
A0
It is enough to show that A = OL . 2% 0 0 - Oy.
A 0 In—l
Indeed, A ( v ) [ v (1= 2) + '™
A )\ v (et ) gy

|H

S

_ ( e+ IvD? ) _ (L vl)? ( 7z )
zvare (LT VDY 2 2N
A+viD® 1 T4 N
2 S22 11— v 292

1 1 1
A( v ):(1—Hvll)2< 75 >: 1 < - >
L R 2\2 '
va Y 2 N 29N\ Y

Finally for each j =1,2,...,n—1

A0 vy, 1 /0
u, ) (il +VVT>U_* — 22\ u
j 272N g T j

since viu; = 0. "

Here, Similarly,

Remark 4.2. By Theorem 4.1 we have that the matrix p, , is positive definite,

1
gy = —————— (N2 —dn—1) =1, 6
e = gy () o

1 n+1 1_ HV”2 n+1
d det g,y = | ————— = 0.
aud debhin, ((n—3>+473> (<n+1>—<n—3>nvr|2> ~

We proved equation 6 in [23] and that pu,y is an (n+1) x (n+ 1) real mixed state.

From Lemma 3.2 we have seen that the Lorentz boost B(v) generated by the vector
v € B can be decomposed as

0 In—l

where we use the same notations for an orthogonal matrix O, and an eigenvalue A
as in Theorem 4.1. So we have the following proposition, since

1
trB(v)? = \? + p+n— 1=292(1+||v[®) +n—1=(n—3)+492

1 . 1
ZB e T wBRew)

Proposition 4.3. For each v e B: p,y = B2 ®v).
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5. The Hilbert projective metric

For Hermitian matrices X and Y, we write that X < Y if ¥ — X is positive
semidefinite, and X <Y if Y — X is positive definite. This gives us a partial order
on the real vector space H, 1 of all (n+ 1) x (n+ 1) Hermitian matrices, known as
the Loewner order. 1t is not a total order on a Banach space Hl,,; with the inner

product (A, B) := tr(AB) and its associated norm [|A| = [tr(Az)]l/Q; see [6, Section
7.7] for more information.

For any A, B € ,,1, we define

m(A, B) = Sup{lu >0: IMB S A} — )\TL(B*1/214‘871/2)7

M(A,B) :=inf{\>0: A< AB} = )\1(3—1/2143—1/2)7
where A\;(X) and A\, (X) are the largest and smallest eigenvalues of X | respectively.
The Hilbert projective metric on €2,.4 is given by

M(A, B)

p(A, B) :=In mAB) (7)

Since m(A, B) = M(B, A)~!, one may define the Hilbert projective metric such as
p(A,B) =InM(A,B) +InM(B, A).

We recall from [12, Proposition 5.1] some properties of the Hilbert projective metric
on €41, and see more from [16, 20].

Lemma 5.1.  The following properties hold for all A, B,C € 1.

(i) 0<p(A B).

(ii) p(A, B) =0 if and only if there is X > 0 such that B = \A.

(iii) p(A, B) =p(B,A).

(iv) p(A,C) < p(A, B) +p(B,C).

Remark 5.2.  Lemma 5.1 says that (€2,,1,p) is a pseudo-metric space, meanwhile,
(P41, h) is a metric space since the determinant of Lorentz boosts is 1.

In the following we denote by X' the complex conjugate transpose of X .

Lemma 5.3.  The following properties hold for all A, B € Q1.
(i) p(ad,pB) =p(A,B) for any a, > 0.

( p(PAFr PBP") = p(A, B) for any invertible matriz P.

(i) p(A~, BY) = p(4, B).

(iv) p(AY, ) = |t|p(A,I) for any t € R.

(v) p(A", BY) < [tIp(A, B) for any [t| < 1.

Proof. Let A, B € Q...

(i) Using the definition of p this is proved.
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(ii) This is easily seen since B~Y/2AB~Y/2 is similar to B~'A and since B~'A is
similar to (PT)~Y(B~'A)PT = (PBP")"}(PAPT) for any invertible matrix P.

(iii) Since m(A™!, B™1) = M(A, B)™!, it is proved.

(iv) From (iii) it is enough to show for the case when ¢ > 0. Since m(A*, I) = \,,(A)"
and M (A" I) = M\ (A), it is proved.

(v) This follows from [12, Proposition 4.1]. ]

We now see the interesting relation between the Hilbert projective metric for Lorentz
boosts and the rapidity metric for Einstein admissible vectors.

Theorem 5.4.  For any u,v € (B,®): p(B(u)? B(v)?) = 4d(u, v).

Proof. = We have seen from Theorem 3.4 that the composition Do B : (B,®) —
(P41, *) is an isomorphism of gyrocommutative gyrogroups. By Lemma 2.5 (v) and
Lemma 5.3 (ii), we have that the rapidity metric on B and the Hilbert projective
metric on 2,.1, especially on P, ., are invariant under left translations. Further-
more, for any v € B

MBE?) 1+

BV =R = 2 T

= 4tanh™! ||v|| = 4d(v,0).

The first equality follows from the definition of p, and the second equality follows
from Lemma 3.2 and

1+ |v| 1
M(B(v)) = 1L—|v| - A(B(v))

By Lemma 2.7 the proof is complete. [ |

Proposition 5.5.  For any u,v € B: p(finu, finy) = 4d(u, v).
Proof. By Proposition 4.3 and Lemma 5.3 (i) we have

1 1

p(ﬂn,m /Ln,v) =D (WB<U)2, WB(V)Q) = p(B(ll)Q, B(V)Z) =4d(u,v). =

Corollary 5.6.  For any u,v € (B,®): p(B(u),B(v)) < 2d(u,v).
Proof.  From Proposition 7.8 of [11] we have d(1/2®u,1/2®v) < (1/2)d(u, V).
Thus, p(B(w), B(v)) = p(B(1/2 2 ), B(L/2 @ v)?)

=4d(1/2®u,1/2® v) < 2d(u,v). ]

Remark 5.7. By Theorem 7.6 of [11] it has been proved the relation between the
rapidity metric and the Riemannian trace metric ¢: for u,v € B

2v/2d(u,v) = §(B(w?, B(v)?).
From Theorem 5.4 and Remark 3.5 we obtain

p(B(w), B(v)) = V26(B(u), B(v)).
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6. Fidelity and Wasserstein distance

It has been issued how to measure the distance of quantum states represented by
density matrices, i.e., positive semidefinite Hermitian matrices with trace 1. The
fidelity is one of the crucial measurements although it is actually not a metric for
quantum states. On the other hand, it is a measure of the closedness of two quantum
states, that is, the fidelity is 1 if and only if two quantum states are identical.
Moreover, it does give rise to a useful metric such as Bures (or Wasserstein) distance,
and is able to apply for a variety of research areas in quantum information and
computation theory; see [19] and [17, Section 9.2.2].

The fidelity for density matrices p and o is defined by

F(p, o) := try/p'2apl/2. (8)

We review some basic properties of the fidelity.

Lemma 6.1.  The following are satisfied for any density matrices p and o .
(i) 0<F(po)<1.

ii) F(p,o)=1 if and only if p=o0.

(p,o) = F(o,p).

(UpUt, UcU") = F(p,o) for any unitary matriz U .

t
(iii)
(iv)

F
F

The property (iv) of Lemma 6.1 is called the invariance under unitary congruence
transformation, so that the fidelity is basis-independent.

Remark 6.2. The fidelity F' can be quite difficult to calculate, but it takes a
simple form for the 2-by-2 density matrices p and o: see the equation (8.52) in [3],

F(p,0)* = tr(po) + 2v/det(p) det(o). 9)

From the equations (9.64) and (9.68) in [23] we have alternative expression of the
fidelity for the 2-by-2 density matrices p, and p, given in (5):

14+ Yaev 1
Fpu, pv)* = TVEB =3 {1 +ulv + \/1 - HUH2\/1 - HVHQ} . (10)

One can verify that two equations (9) and (10) are the same.

The original fidelity of density matrices can be naturally generalized to positive
semi-definite Hermitian matrices such as

F(A, B) = tr(AY/?BAY?)1/2
for any positive semi-definite Hermitian matrices A and B. Recently, a new metric
on the cone (2 of positive definite Hermitian matrices have been introduced:

1/2

A+B) —tr(AY2BAV2| (11)

dV(A,B) = [tr (
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It is the 2-Wasserstein distance for two Gaussian probabilities with means 0 and
covariance matrices A, B € Q, so we call d"V the Wasserstein distance. As the least
squares mean for the Wasserstein distance, the Wasserstein barycenter has been
widely studied: see [1, 2, 4, 5, 7, 15]. In the following we investigate the fidelity and
Wasserstein distance of Lorentz boosts as elements of SOt (1,n).

Lemma 6.3. For any u,v € (B,®): t[B(u)B(v)’B(u)]"? = 2v4ay +n — 1.
Proof.  This follows from equation (4) and Lemma 3.2. [
Theorem 6.4. For any u,v € (B,®) and w=(1/2)@u® (1/2) ® v we have
F(B(u),B(v)) =2yw +n—1, and dV(B(),B(V)) =Y+ 7% — 27w
Proof. Let u':=(1/2) ®u and v’ := (1/2) ® v. Then
F(B(u), B(v)) = tr[B(w)B(“')*B(W)]"? = 2ywev +n — 1.

The first equality follows from Theorem 3.3, and the second follows from Lemma
6.3. Since trB(v) = 29y, +n — 1 by Lemma 6.3, the formula of Wasserstein distance
d"V(B(u), B(v)) can be obtained. [

For any u,v € B, we have in general,
(1/2)@ud (1/2)@v # (1/2) @ (ud v),

see [23, Chapter 6] for more details. We give a formula for the Lorentz factor for
w = (1/2) @ u @ (1/2) ® v, so that the fidelity for Lorentz boosts can be simply
calculated.

Lemma 6.5. Forany u,v € (B,®) and w=(1/2)@ud® (1/2) @ v.

1 1
VI 27 /T+ 2y

Proof. Let u':=(1/2)®u and v/ := (1/2) ® v. By Remark 2.4

(1 +v) (1 + ) + Yawu’v),

Tw

1 14+

1
’yv/ = = = .
VI=IVIE VI=-92/1+w)? VIt 2w

Applying the gamma identity Yugy = Yuv(1 +u’v) to v’ and v/, it is proved. =

We now provide the fidelity of Mobius matrices, which is a generalization of the qubit
density matrices (10).

Corollary 6.6. For n >3 and any u,v € (B,®)
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Proof. Note from the definition of fidelity that

F(aA,BB) =/ apfF(A,B)
for any A, B € Q2 and a, 8 > 0. Since

1 1

nv = 558 = — B2
Hn, trB(v)? v) trB(2®v) 2®v)
by Proposition 4.3, we have by Lemma 6.3

1
VtrB(u)?trB(v)?

F(B(w)*, B(v)?)

Flinu, tiny) =

B 2%y + 1 —1
V@2 +n=3)42+n-3)

Remark 6.7. Especially, for n =3

7u69v + 1

=F ) Pv %,
2Yu YW (puv)

F(Mg,w ,u3,v) =

The following provides the upper bound for the Wasserstein distance of Mobius
matrices.

Theorem 6.8.  For n >3 and any u,v € (B, ®)

\/1 = F(tnu, finy)? < 0(u,v),
where o(u,v) = || —u® v|| is the Ungar gyrometric. Thus,
A" (tnu, piny) < 0(0,v).

Proof. By Proposition 18 in [21] it has been shown that

1—F(p,0)2< tanh@

for any density matrices p and o, where h is the Hilbert projective metric. So for
any u,v € (B, ®),

h n,u n,v
\/1 — F(ftnus pnv)? < tanh %
By Lemma 5.3 (i) and Theorem 5.4 we have
R ttn s oy h(B 2, B 2
tanhM = tanh (B(w), B(v)") =tanhd(u,v) = || —udv]|.

4 4

Therefore, we obtain the desired first inequality. Moreover,

d Mn U7Nnv \/1 - ,un u» ,unv \/]- - F(Mn,uuun,v)ga

since 0 < F(p,0) <1 for any density matrices p and ¢ by Lemma 6.1 (i). Hence,
we get the desired second inequality. [ |
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7. Final remarks and open questions

In [23] A. A. Ungar has provided a simple algebraic tool, called a gyrogroup, to study
analytic hyperbolic geometry such as

(I)  the Poincaré ball model regulated by Mobius gyrogroup,
(IT) the Beltrami-Klein ball model regulated by Einstein gyrogroup, and
(III) the PV (Proper Velocity) ball model regulated by PV gyrogroup.

We considered in the article mainly the Einstein gyrogroup on the open unit ball B
of the n-dimensional Euclidean space R™ arisen from the Einstein velocity addition
@. Furthermore, we constructed the gyrogroup structure on the set P of Lorentz
boosts isomorphic to the Einstein gyrogroup (B, @). We then introduced the Hilbert
projective metric p to distinguish two Lorentz boosts. Based on this isomorphism
we computed the metrics p, and obtained the simple connection with the rapidity
metric d on the Einstein gyrogroup (B, ®) such as

p(B(w)?*, B(v)*) = 4d(u,v)

for any u,v € B: see Theorem 5.4.

In quantum information, the fidelity F' is an important tool to measure two quantum
states usually described by density matrices. It can be simply calculated for any 2-
by-2 density matrices (see Remark 6.2), or for any pure states p = |)(¥| and
o = |¢)(¢| such as

F(p,0) = [($l9)]

However, it is quite difficult to calculate the fidelity for higher-dimensional mixed
states. For certain quantum states derived by Lorentz boosts

1
B n
=— B eBCR
which is an (n+ 1) X (n+ 1) mixed state, we can provide an explicit formula of the
fidelity for them by using our previous results in Section 6 such as

b m 29w +n—1
F(p (u):p (V)) - \/(27114_“— 1)(2’}/V—|—n_ 1)

for any u,v € (B,®), where w = (1/2)@u®(1/2)®v. Via a formula of the gamma
factor of w in Lemma 6.5 one might be able to compute the fidelity easier.

The Einstein gyrovector space (B,®,®) gives an algebraic tool for the Beltrami-
Klein ball model of hyperbolic geometry, where the scalar multiplication @ : RxB —
B is given by

r ® v := tanh(r tanh ™ HV||)HX—H

for € R and v(# 0) € B, and r ® 0 := 0. Gyrolines as geodesics in the
Einstein gyrovector space are Euclidean straight lines, and for given u,v,w € B
three gyromedians are concurrent. The point of concurrency, named the gyrocentroid
Cuvw , has the elegant form

C _ Yul T WV A+ YwW
uvw ’}/u + ’}/v + ’Yw .



458 Kim

Note that the gyrocentroid is invariant under a left translation and is related with
the relativistic center of momentum velocity: see Chapters 6 and 11 in [23].

On the other hand, one can consider the barycenters of Lorentz boosts with respect
to the Riemannian trace distance § and Wasserstein distance d" . That is, for given
u,v,weB

G(B(u), B(v), B(w)) := argmin 6(X, B(u))? 4+ §(X, B(v))? + 6(X, B(w))?

XGQn_H

W(B(u), B(v), B(w)) := argmind" (X, B(n))? + d"V (X, B(v))* + dV (X, B(w))?.

Xeﬂn+1

It has been known from [8, 18, 14] and [1, 2], respectively, that such barycenters G
and W exist in the open convex cone (2,1 of positive definite Hermitian matrices.
So it is a natural question that G(B(u), B(v), B(w)) and W (B(u), B(v), B(w)) are
again Lorentz boosts, that is, elements of the restricted Lorentz group SOt (1,n). If
yes, that is, G(B(u), B(v), B(w)) = B(m) and W(B(u), B(v),B(w)) = B(n) for
some m,n € B, then one can also ask whether or not their generators m and n are
related with gyrocentroid Clyw .
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