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ZERMELO PROBLEM OF NAVIGATION ON HERMITIAN
MANIFOLDS

NICOLETA ALDEA

ABSTRACT. In this paper we describe the complex Randers metrics as the
solutions of Zermelo problem of navigation on Hermitian manifolds. Based
on it, we construct such examples of complex Randers metrics and we study
some of their geometrical properties.

1. INTRODUCTION

Zermelo navigation problem was first discussed by E. Zermelo in [16]. To-
gether with its variants, it has served as a rich example of various problems in
the Calculus of Variations and Optimal Control ([8]).

The aim of Zermelo navigation problem on a Riemannian manifold (M, h) is
to find the paths of shortest travel time in M, under the influence of a current
which is represented by a vector field W on M. Recently, in the paper [7]
it was shown that the real Randers metrics are solutions to Zermelo navigation
problem on a Riemannian manifold and the classification of real Randers metrics
of constant flag curvature was finally completed.

In the previous paper, [5], we initiated the study of complex Finsler spaces
with (o, 8)— metric, i.e. complex metrics constructed from just two pieces of
familiar data: a purely Hermitian metric and a differential 1-form both globally
defined on an underlying complex manifold. A special approach was dedicated
to the complex Randers metrics F' := a + |§] in [4]. By this class of complex
Finsler spaces we extended the examples number of complex Finsler metrics
known: Kobayashi and Caratheodory metrics (see [1]), which quickened the
study of such Finsler geometry, and two rather trivial classes of complex Finsler
metrics (the complex Finsler metrics which come from Hermitian metrics on the
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base manifold, so-called the purely Hermitian metrics in [12], and the locally
Minkowski complex metrics).

In the present paper we describe the complex Randers metrics as the solutions
of Zermelo problem of navigation on Hermitian manifolds (section 3). This
technique permits us to construct such examples of complex Randers metrics and
we study some of their geometrical properties. Namely, in section 4 we perturb
the purely Hermitian metrics: Euclidean metric on C2, C™ and Bergman metric
on the unit disk A™ C C" by the vector field W which satisfy some conditions.
These perturbations generate the complex Randers metrics which are not of
holomorphic constant curvature.

2. COMPLEX RANDERS METRICS

We recall here only the basic notions which are needed; for more information
see [1, 12]. For the beginning, we shall make an introduction to the complex
Finsler geometry and then we present the complex Randers metrics, [4].

Let M be a complex manifold, dimg M = n, with (zk)k:ﬁ complex co-
ordinates in a local chart. The complexified of the real tangent bundle T M
splits into the sum of holomorphic tangent bundle 7" M and its conjugate 7" M.
The bundle 7'M is in its turn a complex manifold, the local coordinates in

a chart will be denoted by u = (2*,7*) and these are changed by the rules:

2k =2 (), 't = 92’7 n?. The complexified tangent bundle of 7'M is decom-

0zJ
posed as To(T'M) =T'(T'M) & T"(T'M). A natural local frame for T, (T'M)

is {%, %}, which have changes by the rules obtained with Jacobi matrix of

above transformations. Note that the change rule of a%k contains the second
order partial derivatives.

Let V(T'M) = kerm, C T'(T'M) be the vertical bundle, spanned locally by
{ %}. A complex nonlinear connection, briefly (c.n.c.), determines a supple-
mentary complex subbundle to V(T'M) in T(T"M), i.e. T'(T'M) = H(T'M) ®
V(T'M). It determines an adapted frame {% = % - N,z%}, where N,z (z,m)
are the coeflicients of the (c.n.c.), ([1], [2], [12]).

A continuous function F' : T"M — R7T is called complex Finsler metric on M
if it satisfies the conditions:

i) L := F? is smooth on T"M := T'M\{0};

ii) F(z,m) > 0, the equality holds if and only if n = 0;

iti) F(z,\n) = |\|F(z,n) for VA € C;

iv) the Hermitian matrix (gl—;(z, n)), with g;7 = %, called the fundamental
metric tensor, is positive definite.

The pair (M, F) is called a complex Finsler space. The iv)-th assumption
involves the strongly pseudoconvexity of the Finsler metric F' on complex indi-
catrix Iy, ={n e T.M | F(z,n) <1}
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Further, in a complex Finsler space a Hermitian connection of (1,0)—type
has a special meaning, named in [1] the Chern-Finsler connection. In notations

from [12] it is DTN = (L};,0,C7,,0), where

CF i
: i 001w , —0Gim ON} , — - 0gin
1__ ,Mmi . 1 g me Jm k. 1 M Jjm

Recall that a complex Finsler space is weakly Kéhler iff g;(Li, — Lj, )’ = 0
and the holomorphic curvature of F' in direction 7, with respect to the Chern-
Finsler (c.l.c.), briefly holomorphic curvature is

QankRjk
L*(z,m)
where Ry, := Rin'n" = —g;305(NL)7" and Rz, = g5 RL;, is hh Riemann
tensor associated to the Chern-Finsler (c.l.c.) (see [1, 12, 3]). It depends both
on the position z € M and the direction 7.

We consider z € M, n € T!M, n = ni%, a := a;(z)dz" ® dz7 a purely
Hermitian positive metric and b = b;(2)dz* a differential 1—form. By these
objects in [4] we defined the complez Randers metric on T'M by

(2.2) Kr(z,n):=

(2.3) F(z,m) = a(z,n) +18(z,1)|,
where

a(z,n) = /a5 (2)n'n7;
(2.4)

18(z,m)| =1/ B(z,m)B(z,n) with B(z,m) = b;(2)n".

A natural question: when is the function (2.3) a complex Finsler metric?
Some remarks are immediate. Due the presence of || the complex Randers
metric F := «a + | 3] is positive and smooth on T"M\{0}. The complex Randers
metric is purely Hermitian if and only if 8 vanishes identically. The function
L = F? = (a + |8|)? depends on z and 7 by means of a = a(z,7) € R
and 3 := f(z,n) € C. Moreover « and /3 are homogeneous with respect to 7,
ie. a(z,\n) = |Ma(z,n), B(z,An) = A\3(z,n) for any A € C, thus L(z,\n) =
AL(z,7m) for any X € C.

So, the main issue that needs to be checked is the strongly pseudoconvexity
of the complex Randers function. For this in [4], we considered the settings

oo 1, 9Bl B

o 2 o T 218"

(2.5) b= allbs; b7 = abiby; v = LA o(||b])? - 1)
oL da opBl F, Fp
= —— =La=— + L L= 2+
i anz O‘anz + 18] anz a it |ﬁ| v
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where ; := a;377 and (aﬁ) is the Hermitian inverse of (a;;) matrix, and we

j
proved

Proposition 1. [4]For the complex Randers metric F := a + |3| we have
i) The fundamental metric tensor

FPla+18))2 F 1
j = s = —hy T .
9 = " opion ST R YA
et 2%1(;-”1)”2 18) 3
G Qg @ + iz _ Qi Q3T izj
i) g 7 + 7 n'n wab Fw(ﬂnb + Bb'i).

i) det (g,5) = (z) et (a)

Having the formula for det (gﬁ), we can say that g,;(z,7) is positive definite
if and only if v > 0 at each nonzero n in T, M. So we have proved

Theorem 1 ([4]). A complex Randers metric with v > 0 is a complex Finsler
metric.

If the quadratic form h(z,7m) := (a; — bibj)n'i)’ is positive definite, then
substituting 77’ with b0’ it follows that ||b||>(1 — ||6]|?) > 0, which says that
|[6]]> € (0,1) and then v > 0, since v = 2a|3| + |B8]? + o?||b||*>. Equivalently the
positive definite of the quadratic form means that a? > |3|2, or in other words
sup %‘ < 1, for all (z,n) € T'M\{0}.

From [4], we have the expression of the weakly Kéhler condition for a complex
Randers space

a? ol B + 151 b ob, - daum S 0bn]
18] {5 [[b]” + 18| +ﬁ< _yndu )nl—alﬁb iy e

Yo 8] 0z" 0z"
2 8b7 —r 7o—j 8bm —m_r
— <aﬁFkl + ab; 6zk77 + 2|6|alrl"3kn]> n' + aby, o= 0,
o 1 AbIP=181> _ nlBl pF _ 1, FkyOak;  Oay;
Where C] —6(?_7 |B|2 ) 6 _M_%7Fﬁi_%a k{ szi _sz}
are the coefficients of Levi-Civita connection of a;; and Fj gi’i %.

3. ZERMELO NAVIGATION

Following the ideas and the same interpretation as in Zermelo navigation on
Riemannian manifolds, [7], we shall describe Zermelo problem of navigation on
Hermitian manifolds.

Let M be a complex manifold, dimg M = n, and z € M be the base point of
the tangent vectors n € T/ M, n = n' aCZi . Considering the purely Hermitian met-
ric b == hj(2)dz" @ dz? on M, the norm of n is ||n]| := \/h(n,7) = /hs; ()07l
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As in [7], ||n]| is the necessary time to travel from the base point z of the tangent
vector 7 to its tip, using an engine with a fixed power output.

We set a tangent vector u € T/ M, u = u'5%; with |ju|| = 1, i.e. a travel from
z to the tip of u would take one unit of time and another tangent vector W
€ TIM, W = W2 where ||W]|| is the time to travel from 2 to the tip of W,
under the influence of a current on the Hermitian manifold (M, h). We suppose
that ||WW|| < 1. The current has to produce a deviation from the path such that
the travel time is not equal with one unit time. Note that, in the travel from z
to the tip of u, the current is absent. Now, we navigate along the tangent vector
v := u — W, which starts from z, too. The norm of v is not 1. For example, if
u = 3W, then ||[W]|| = £ and [|v|| = 2. Else, if u = —3W, then ||[W|| = 1 and
||v]| = 4. So, by the presence of the current, the purely Hermitian metric h does
not give the travel time along the tangent vectors. Therefore, we have to build
a function F : T"M — R which keeps the path of travel under the influence of
a current on (M, h), such that the travel time is one unit time, along tangent
vector v =u — W. So, F(z,v) = 1.

Next, we determine the formula of the function F, taking into account the
assumption F(z,v) = 1. We have

1= ||ul|?> = h(u,a) = h(v+ W, 5+ W) = ||[v]|> + 2Re h(v, W) + ||W]|?.

Denoting by 6 the angle between directions of v and W, we can write cos § =

%, thus above relation became
[|[v]|? + 2||v|| [|W]|cos@ — & = 0, where ¢ := 1 — ||[W]|%.

Because ||[W]| < 1, and so € > 0, we obtain only the solution

[|[v]] = —[|W]|cos @ + \/||[W]|? cos? 6 + ¢.

Multiplying the last relation by ||v||, we obtain
o] = — Re h(v, W) + \/[Reh(v,W)]2 + o] 2,
equivalently with
& = Reh(, W) + / [Re h(v, W)]? + <]lo] 2
Since Re h(v, W) = |h(v,W)| cos p, where ¢ = argh(v, W) is a real valued

function which depends on z and |h(v, W)| := \/h(v, W)h(v, W), we write

€= \/|h(v,W)|2c082 @ +el[v]]? + |h(v, W)]| cos ¢.
So,

= 2 _
o) = Vel £ e ) oo o, W) cosip
g 13

(3.1)

Note that every n € T"M\{0} is collinear with some tangent vector v with
property F(z,v) = 1. So, n = cv, ¢ € R, and making use of ¢ = argh(n, W) =
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arg h(cv, W) = argch(v, W) = arg h(v, W), for any ¢ € R, we deduce F(z,n) =
F(z,cv) = |c¢| F(z,v) = |¢|. This means that the travel time along the tangent
vector 1, under the influence of a current, is |c| unit of time and

(3.2) F(

)

Vellall2 + |G, W) oo [, ) cos o
z,m) = +
€ €
where ¢ = ¢(z2).

Some remarks are necessary. First, note that F' is purely Hermitian if and
only if W = 0. We have W = 0 if and only if cosp = 0. Without restricting
the generality, we can suppose that cosy > 0. This assumption assure that
the function F(z,n) is positive on T"M\{0}. If cosp < 0, then we choose the
direction v = u+ W, such that F(z,v) = 1. As above, similar computation leads
to a positive function F(z,n) on T"M\{0}.

An obviously remark is that if ¢ = 0, then cosp = 1 and h(v, W) is real
valued. Indeed, a natural question is when does this fact occur? It immedi-
ately results that if v and W are collinearity, then h(v, W) is real. The con-
verse is not true. For example, if we consider the Euclidean metric h;; = d;;
on C? and we choose W = (%—l—i%,i—kz&), W] = g < 1, by compu-

tation it results v = (@ +i@,%), which is not collinear with W,
when h(v,W) € R and |ju|| = 1. Moreover, we find h(v, W) = @ and
\/§71+i‘/§+1,%+i% .

u=(
On the other hand, the formula of the function F(z,n) permit us to write
F(z,m) := a+ |8|, where

a(z,n) = \Jaz(2)n' 5 Bz,n) = bi(2)n';

h‘iﬁ WZ
(3.3) agj(z) = ?J +bib;;  bi(2) = 7(;()8@;

Wi =hsW; e=1-W,W"

The first term of F' defines the norm of i with respect to a new purely Hermitian
metric a := aﬁ(z)dzi ® dz’ and the second term of F is the value on 7 of a
differential 1— form b = b;(z)dz*. Therefore, the solution of Zermelo navigation
problem on some Hermitian manifold (M, k), under the influence of a current W
with [|[W]]? < 1 is a function which has the form of a complex Randers metric.
Moreover, the function F(z,7) given by (3.3) is positive, complex homogeneous
with respect to 7, i.e. F(z,An) = |A\F(z,n), for any A € C, and smooth on
T'M\{0}.

The inverse of (a;7(z)) from (3.3) is a’' =€ (hji - L“’@Wiwj) and

1—||W]|? sin?
S0,

. =, -, 2 - — \ W- cos .
e qJlh- — Jji _ cos” ¢ YA/ j Y _ 7 Ccos
b i= 0y = & (W — et W) BN e e
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. 2 2
|| := b;b® = % < 1, because ||[W||* < 1.

Taking into account Theorem 2.1, the obtained condition ||b]|? < 1 guarantees
the strongly pseudoconvexity of the function F(z,n) from (3.2) on its complex
indicatrix I ,. Indeed the function F(z,7) from (3.2) defines a complex Finsler
metric on M of complex Randers type.

Now, it is natural for us to inquire about: can any complex metric F(z,n) =
a + || be obtained through by perturbation of some purely Hermitian metric h
with some vector field W satisfying ||W|| < 1?7 The answers come below.

Considering the complex metric F'(z,1) = a + |B], with a = /a;;(2)n'p7,
B =bi(z)n', b :=a’b; , [|b]|* :=b'b; < 1 and w := 1 —|[b||?, we construct h and
W as
(3.4) hi;(2) = w(a bib;); W'(z) = ”

ij —
By direct computation we obtain:
2 ivid b’ b 2

Soe=wand W; := hﬁWj = w(a; — bibi)%j = wb;.
It results that perturbing the above h by W, we obtain a function

F(z,m) =a+|6|

with

where
. hijg  +-  hg  Wicosp W;cos
az’j(z)zg-f'bij:g%- ZE 7 JE (pzai3+(1—0052<p)bib3.

We have a,3(z) = a;;(2) if and only if cos ¢ = 1. Therefore, by perturbation (3.4)
we obtain again the complex metric F(z,1) = o + || if and only if cos = 1.
So, the answer of the question is yes, iff cosp = 1.

Corroborating above results, we have proved:

Theorem 2. A complex Finsler metric is of complex Randers type, i.e. it has
the form F(z,m) = a+|8|, if and only if it solves the Zermelo navigation problem
on some Hermitian manifold (M, h), under the influence of a current W with
[[W]|? <1 and cosp = 1.

4. EXAMPLES

In the sequel, we construct some examples of complex Randers metrics by
above technique. We perturb a purely Hermitian metric A by any vector field
W, satisfying [|W]| < 1 and cosp = 1.
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I. The perturbation of Euclidean metric. h;; = §;;
I.1. We perturb the Euclidean metric on C? by W := 61% + Cg%, where
c; € C, i = 1,2, such that [[W||? = |c1]® + |e2|*> < 1. To reduce the clutter,

we denote (21, 22) := (z,w) and (n*,n?) := (n,0). The outcome is a complex
Randers metric with
2 _ (P +10P) (A = e[ — [e2f?) + (E1n + @20)(c17l + c20)
«Q (7779) - 2 212 ’
) (1 leal ~ [eaP?)
' &1 + G20) (17 + c20
m(n’e)'g:(m 20)(c17] + 2 )

(1= ler|? — feaf?)?

It is a locally Minkowski metric and so its holomorphic curvature is zero.

I1.2. With same notations as above, the perturbing vector field is W :=
zf(z,w)a% + 0%, where f := f(z,w) is a positively real valued function, and
|[W]|? = f?|2|* < 1. Therefore, the complex Randers metric has the form
Fy = a+ ||, with

(Inl* +1011) (@ = f2]21%) + £2|2[nl*

)

o?(z,w,m,0) =

(4.2) (1 _f2|2|2)2

fzn
B(z,w,n,0) = TP
There is not a function f such that the metrics Fy should be at least weakly
Kahler.
I.3. Considering the metric h;; = d;; on C", we perturb it by W := zif(z)%,
where f := f(2) is a positively real valued function, such that ||[W]? = f?|z|? <
1. It results the complex Randers metrics Fy := « + ||, where

2 _ P fPl<zm >‘2.

(13) CEN =T T e
' _ fI<zn>|
5(27,’7)_ 17f2|2|2 )

where |22 := S0 2F2F < 2 >i= S0 TR < 2 > =< 2 > T2 >
Even in this example there is not f that F; should be weakly Kahler. In par-
ticular, for f = 1, o? is the Bergman metric on the unit disk A™ and

(4.4) o= \/|77|2 (I—z) + < zm >|2 n |< 2z,m >|
' e 1|22 1|22

is a complex Randers metric on A™ of negatively holomorphic curvature

—2aF
K= 20, = B - a1 aP)
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I1I. The perturbation of Bergman metric.

1 z'2d
4. he= — (-4
- 5= (7 )
on the unit disk A™ by the vector field W := 2 f(2) 22, where f := f(2) is a
£z

positively real valued function, with ||[W||? = ez < L, leads to the complex
Randers metric Fy := a + ||, where

(1 — [2*)In?

1= 2+ f2)[z1* + [2[*)

(1= [z = 2P+ 2 <z >

(1= @+ 2P+ 12> 7
fl<zn >

P = T e e

Though the Bergman metric is Kéhler of holomorphic curvature —4, by this
perturbation the complex Randers metric (4.6) is not weakly Kéahler, for any
f. Only if f = /1 — 2|2, the purely Hermitian metric o?(z,7n) from (4.6) is
Kahler.

Conclusions. Zermelo navigation on Riemannian manifold produces exam-
ples of real Randers metrics of constant flag curvature. In contrast with the real
case, above examples show that by perturbation of some purely Hermitian met-
rics of constant holomorphic sectional curvature, the obtained complex Randers
metrics are not of constant holomorphic curvature.

a (2,77)=(

(4.6)
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