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ALGEBRAIC RICCI SOLITONS IN THE FINSLERIAN CASE

GUOCHENG JIAO AND ZAILI YAN

ABSTRACT. In this paper, we study algebraic Ricci solitons in the Finsle-
rian case. We show that any simply connected Finslerian algebraic Ricci
soliton is a Finslerian Ricci soliton. Furthermore, we study Randers al-
gebraic Ricci solitons. It turns out that a shrinking, steady, or expanding
Randers algebraic Ricci soliton with vanishing S-curvature is Einstein,
locally Minkowskian, or Riemannian, respectively.

1. Introduction

The problem to find a distinguished metric on a smooth manifold is impor-
tant in differential geometry. The Einstein metrics and Ricci soliton metrics
are candidates [5]. A Ricci soliton g on a manifold M is a Riemannian metric
satisfying

ric=cg + Lxg,
where ric is the Ricci curvature of (M, g), ¢ € R, and X is a smooth vector
field on M [6]. In particular, they correspond to self-similar solutions of the
famous Hamilton’s Ricci flow
%g(t)ij = —2[ricg(p))ij-

That is, g is the initial value of a solution to the Ricci flow of the form
g(t) = c(t)p; g, where ¢(t) is a scaling parameter, and ¢, is a diffeomorphism of
M. In 1982, Hamilton [10] showed that a closed three-manifold with positive
Ricci curvature is diffeomorphic to S3. Since then, the study of the Ricci flow
has been one of the central problems in differential geometry. For instance,
Perelman [18] proved Thurston’s geometrization conjecture.

In this paper, we study algebraic Ricci solitons on homogeneous Finsler
spaces. The concept of an algebraic Ricci soliton was first introduced by Lauret
in the Riemannian case [15]. Lauret proved that left invariant Ricci solitons on
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homogenous nilmanifolds are algebraic Ricci solitons. In the literature, these
algebraic Ricci solitons are called Ricci nilsolitons.

In the general homogeneous Riemannian case, (semi-)algebraic Ricci solitons
have been studied extensively by Jablonski [12,13], defined as follows. Let G be
a Lie group with a compact subgroup H, and g = hh + m be a reductive decom-
position of g, where g and h denote the Lie algebras of G and H, respectively.
We say a G-invariant Riemannian metric g on G/H is a G-semi-algebraic Ricci
soliton if it’s Ricci operator Ric satisfies

1
(1) Ric = cId + §(Dm + DL)

for some derivation D € Der(g) satisfying D(h) C h. Here Dy : m — m is
the map induced by D, and D! is the adjoint map of D, with respect to
the inner product g|n induced by g on the tangent space m = T.y(G/H).
Furthermore, it is said to be a G-algebraic Ricci soliton if Dy, = D,. Notice
that the definition of (semi-)algebraic is relative to a choice of transitive group
G. Jablonski proved the following important results.

(1) A connected homogeneous Ricci solition (M, g) is a semi-algebraic Ricci
solition relative to the full isometry group G = Iso(M,g) [13].

(2) Every G-semi-algebraic Ricci solition is necessarily G-algebraic [12].

Now we turn to the Finslerian case. The concept of Ricci flow in Finsler
geometry is first considered by Bao [2] in the following sense,

(2) ilnFt:—;?-rith,

where ricg, denotes the Ricci curvature of Finsler space (M, F;). As in the
Riemannian case, we say F' is a Finslerian Ricci soliton if there exists diffeo-
morphisms ¢; of M such that F; = ¢(¢)p; F is a solution to the Ricci flow (2)
starting at Fy = F for some scaling function c(t) > 0.

In the present work, we introduce algebraic Ricci solitons in the Finslerian
case. We show that any simply connected Finslerian algebraic Ricci soliton
is a Finslerian Ricci soliton. Furthermore, we study Randers algebraic Ricci
solitons with vanishing S-curvature, and obtain a complete description of such
metrics.

This paper is organized as follows. In Section 2, we recall some fundamental
facts about Finsler spaces. In Section 3, we introduce algebraic Ricci solitons
in the Finslerian case. In Section 4, we study Randers algebraic Ricci solitons.

2. Finsler spaces

In this section, we review some fundamental facts about Finsler spaces, for
details, see [3]. Throughout this paper, manifolds are always assumed to be
connected and smooth.

Recall that a Minkowski norm on V is a real function F on V which is
smooth on V\{0} and satisfies the following conditions:
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(1) F(y) > 0,Yy € V;

(2) F(A\y) = AF(y),VA > 0;

(3) For any basis €1,e3,...,&, of V, write F(y) = F(y',%?%, ...,y") for
y = y*c;. Then the Hessian matrix

(9i5) == ([;F2i|yy7)

is positive-definite at any point of V\{0}.
For any Minkowski norm F' on a real vector space V', one defines
H
Then for any y # 0, we can define two tensors on V', namely, the fundamental
tensor and the Cartan tensor. They are defined respectively as

Cijk = =[F?]

y?y]yk‘ .

gy (’LL, 'U) = glj (y)ulvjv
Cy(u, v,w0) = Cyp(y)u'v’w.
By the homogeneity of I, one easily sees that

1o ,
gy(u’v):§688tF (y+su—|—tv)

)
s=t=0

and that
1 93

Cy(u,v,w) = ZarasatFQ(y—I—ru—l— sv + tw)

7"=s=t=0.

In particular, one has

F*(y) = gy(y,9),  Cyly,u,v) =0,
and
iFQ t =2
gl rtu)| =29,y w).

A TFinsler metric on an n-dimensional smooth manifold M is a function
F : TM — [0,400) which is C* on the slit tangent bundle TM\{0} and
whose restriction to any tangent space T, M, x € M is a Minkowski norm.

The notion of Riemann curvature for Riemannian metrics can be extended

to Finsler metrics. For a nonzero vector y € T,,M\{0}, the Riemann curvature
Ry : Ty M — T, M is a linear map defined by
i

g O u:ua

Ry(u) = Ri.(y)u Oz’ ek

where _ _ _ _ '

oG PG PGT OGOGY

— T e
Oxk  Oxidyk Oyioyk  Oyiodyk

15, [0%(F?) 4 O(F?)

47 Oxk oy 4 oxt |’

Rj.(y) =2

G'(y) =
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and (¢g%) is the inverse matrix of (g;;). The trace of the Riemann curvature
R, is a scalar function ric on T'M

ric(y) = tr(Ry),

which is called the Ricci curvature of (M, F). We say that (M, F) is Einstein
if ric(y) = cF?(y) for some constant c.

We now recall the notion of S-curvature of a Finsler space. It is a quantity
to measure the rate of change of the volume form of a Finsler space along
geodesics [20]. S-curvature is a non-Riemannian quantity, or in other words, any
Riemannian manifold has vanishing S-curvature. Let V be an n-dimensional
real vector space and F' be a Minkowski norm on V. For a basis {v;} of V, let

_ Vol(B™)
~ Vol{(y?) € R | F(yiv;) < 1}
where Vol means the volume of a subset in the standard Euclidean space R™

and B"™ is the open ball of radius 1. This quantity is generally dependent on
the choice of the basis {v;}. But it is easily seen that

) = V) oy

OF

is independent of the choice of the basis. The quantity 7 = 7(y) is called
the distortion of (V, F'). For any y € T,,M\{0}, let o(t) be the geodesic with
0(0) =z and 6(0) = y. Then the quantity

d

S(z,y) = %[T(U(t)a[’(t))} o

is called the S-curvature of the Finsler space (M, F').

3. Algebraic Ricci solitons

Recall that the group of isometries of a Finsler space (M, F') is a Lie trans-
formation group of M [8]. A Finsler space (M, F) is called homogeneous if
its isometry group acts transitively on M. A homogeneous Finsler space can
be expressed as (G/H, F), where G is a connected Lie group, H is a compact
subgroup of G and F' is invariant under the action of G. Moveover, the action
of G on G/H is almost effective and the Lie algebra g of G has a reductive
decomposition

g=bh+m,
where b is the Lie algebra of H and m is a subspace of g satisfying Ad(h)(m) C
m,Vh € H. We identify m with the tangent space T,(G/H) of G/H at the ori-
gin 0 = eH through the mapping X + 4 (exp(tX)H)|;—o, X € m. Under this
identification, G-invariant Finsler metric on G/H is in one-to-one correspon-
dence with H-invariant Minkowski norm on m. See [7] for more information on
invariant Finsler metrics.
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Definition. A homogeneous Finsler space (G/H, F') with a reductive decom-
position g = b+ m is said to be a (Finslerian) G-algebraic Ricci soliton if there
exist ¢ € R and D € Der(g) such that Dy C h and

(3) ric(y) = cF?(y) + gy(y, Dmy), Vy €m,

where Dy, := pro D|, and pr: g = h +m — m is the linear projection.
Moreover, it is called a shrinking, steady, or expanding algebraic Ricci soliton
according to ¢ > 0, ¢ = 0, ¢ < 0, respectively.

We should mention that (see Lemma 3.10 of [14]), if in addition that K (h, m)
= 0, then Dm C m, and thus Dy, = D|y, where K is the Killing form of g.
When F' is Riemannian, equation (3) is clearly equivalent to (1).

Definition. A homogeneous Ricci soliton Finsler space (M, F') is called alge-
braic if there exists a connected Lie subgroup G C Iso(M, F') acting transitively
on M such that F is a G-algebraic Ricci soliton.

In the Riemannian case, any simply connected algebraic Ricci soliton is a
Ricei soliton. Inspired by the proof of Proposition 3.3 of [14], we obtain:

Proposition 3.1. Any simply connected Finslerian algebraic Ricci soliton is
a Finslerian Ricci soliton.

Proof. We can assume that G is simply connected and still have that G/H
is almost effective. Notice that H is therefore connected as G/H is simply
connected. Since D € Der(g) we have that e!” € Aut(g) and thus there exists
o1 € Aut(G) such that dp;|. = e!? for all t € R. By using that H is connected
and Db C b, it is easy to see that p;(H) = H for all ¢. This implies that @,
defines a diffeomorphism of M = G/H by ¢(gH) = ¢:(g)H for any g € G,
which therefore satisfies at the origin that dy;|, = e/P=. Set ¢(t) = /1 — 2ct
and s(t) = 2= In(1 — 2ct), we will show that F, = c(t) @y F' satisfies the Ricci
flow equation (2). Obviously, F} is G-invariant for all ¢, and hence it is sufficient
to verify the equation (2) at the origin point.
Note that, for any y € m, (¢} F)(y) = F(e!Pny), and then

a . o
<agos(t)F)(y) = aF(es(t)Dmy>

1 o g

- m ) ageb‘(t)Dmy(es(t)Dmy’ e (t)Dmy)
1

= W -gesummy(s’(t)Dmes(t)Dmy7 eS(t)Dmy)

0 o 5
= Fle@bay)  He(e0ny) — (e Py))

Notice that es(WPm € Aut(Q) for all ¢, we have

(£)Dm

ricr, (y) = ricy: | p(y) = ric(desyy) = ric(e”my).
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Therefore
0 c(t)s'(t) . cs'(t)
G =200 _2VE
atrs® F, T ey

Notice that CC,((;)) —cs'(t) = 0 and ¢2(t)s'(t) = —1, it follows that

0 1 0
—InF,=—-—F
o TR ot
1 [d() 0
= — F t)—pi  F
F Lo 1t Wgeho
d(t) A(t)s'(t) .
= C(t) — Csl(t) —+ TfrICF,
1.
_TrICFt
t
This completes the proof of the proposition. O

4. Randers algebraic Ricci solitons

In this section, we study Randers algebraic Ricci solitons with vanishing
S-curvature. We first recall some results on invariant Randers metrics. Ran-
ders metrics were introduced by G. Randers in 1941, in the context of general
relativity. They are Finsler metrics of the form F = o + 3, where « is a Rie-
mannian metric and S is a smooth 1-form on M whose length with respect to
« is everywhere less than 1. In the homogeneous case, both the Riemannian
metric o and 1-form S are invariant under the action of G. Then the Randers
metric F' is uniquely determined by a pair ({-,-),u), where (-,-) is the inner
product on m induced by the Riemannian metric «, and u is an H-fixed vector
in m with length less than 1, satisfying 8(y) = (y,u), Vy € m. In this case,
Fy) =V {y,y) + (y,u).

There is another presentation of a Randers metric, by the so-called naviga-
tion data

F(z,y) = \/h(ya W)2>\+ Ah(y, y) B h(y;\v[/)7

where h is a Riemannian metric, W is a vector field on M with h(W, W) < 1 and
A=1—h(W,W). The pair (h, W) is called the navigation data of the Randers
metric F'. This version of a Randers metric is convenient when handling some
problems concerning the flag curvature and Ricci curvature [4].

Lemma 4.1 (Theorem 1.4 of [11]). Let (G/H,F = a+ ) be a homogeneous
Randers space with navigation data (h, W). Then F has vanishing S-curvature
if and only if W is a Killing vector field with respect to h, if and only if

<[U,l’]m,y> + <:Ca [uay}m> =0, Vr,yem
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Theorem 4.2 (Theorem 3.4 of [9]). Let G/H, F, o, m, u, be as above. Then
the Ricci curvature of the homogeneous Randers metric is given by

tie(y) = tica (s, ) — y{[Zsuhmo ) + 51l Sl w0} [k, ), )
k,l

1 S e ? = S 0 ), )
k,l Yy 1

n—1
F(y)

* %Z([y,uz]m, uy? — {UUY,),y),u)
l

(n—1)lyl (n—1)|y|?
2F(y)

2F(y)
+ m (<U(y7y)7u> - |y|<U(u7 u)7y>) 5

(U(u,w),U(y,y)) + ([U(u, w), Ylms u)

where y is a non-zero vector in m, |y| = \/{(y,y), {w} is an orthonormal basis
of m with respect to (-,-), U : m x m — m is a bilinear form defined by

20U(x,y),2) = ([ 7w, y) + (2, [2,4]m), Vzem.

Moreover, ric,, is the Ricci curvature of (G/H, ) given by

I‘iCa(y,y) = - %K(yvy) - %quvul}m» [y, ul]m>
l

+ iZ(y, [ur, wilm)® = ([ Z, Ylm, ),
kel

K is the Killing form of g, and Z is the unique vector in m defined by (Z,y) =
trady, Yy € m.

Combining the above results, we have:

Lemma 4.3. A Randers metric F = a+ on G/H with vanishing S-curvature
is a G-algebraic Ricci soliton if and only if the following two equations hold:

rica(y,y) = c((y,y) + (¥, u)?) + (Y, Dmy)

@ ) S e o 0)? — 5 S )
Kl 1
(Do) = — (1 Zo o) + 5 S (s vl ) s ], )
o) o

—2¢(y,uy, Vye€m.

Proof. Since F has vanishing S-curvature, by Lemma 4.1, one has U(u,u) =0
and
(U(x,y),u) =0, Vr,yem.
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Therefore the Ricci curvature of F' can be written as

ric(y) = rica(y,y) — [Y[{[Z, ylm. u Iyl Z g, W), W) [k Wil )
(© b gl 3 (s ) +1Z<[y wln ), yEm
4 kl 7 mos 2 l 3 mos ) *

On the other hand, an easy computation shows that (see Lemma 6.5 of [21])
(7) 9y(¥; Dmy) = (y + [y|u, Dmy).-
Plugging (7) into (3), we obtain
(8) ric(y) = c(lyl + (. w))* + {y + [ylu, Dwy).
Now it is easy to see that (6) and (8) is equivalent to (4) and (5). O

Proposition 4.4. Let (G/H, F = a+f) be a Randers G-algebraic Ricci soliton
with navigation data (h,W). If F has vanishing S-curvature, then h is a G-
algebraic Ricci soliton on G/H.

Proof. Let @ be the invariant Riemannian metric on G/H defined by
a(X,)Y)=(X,)Y) — (X, u)(Y,u), X, Y em.

It is easy to see that h = (1 — (u,u))a. The following is to prove that @ is a
G-algebraic Ricei soliton on G/H by a direct computation.
Putting y = w into (4) and (5), we obtain

ricy (u, u) = c({u, u) + (u,u)?) + (u, Dynu) — %(u, u) Z([uk, U, ),
k,l

and

(D, u) = %Z([uk,ul]mmz = 2¢{u,u).

k,l
Therefore,

ukvul m, U

w\)—*
»M)—'

ricg (u, u) = e(u, u)({u,u) — 1) + (
k,l

On the other hand, rics (u,u) = § >, ([, w]m, u)?, then one has

(g ) S (e, o, ) = ot ) (o, 0) — 1)
k,l

s

This implies that

(9) Z([uk,ul]m,u)2 = 4c(u, u).

k,l

In particular, (Dyu,u) = 0.
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Now let ricg be the Ricci curvature of (G/H,@). Then for any y € m,

tiea(y, ) = — 3K(09) — 5 @1y, wlm [y, uln)
l
S o )~ (2 )
k,l
1 1 1 )
- = iK(yvy) - 5 Z<[ya Ul]mv [y7ul]m> + 5 Z<[y7ul]ma U>
l l
3 20 (o) = {0 o )
—{[Z,Y)m,y) + ([Z, ylm, u) (., >
- rica(yay) + %Zdyaul]mv 2 Z ukvul m, U
l k,l

— L) S, s s ) + (12, 5]y ) (1,0

2
kol
Furthermore, according to (4), (5) and (9), we have

rica () + 3 D (s w0} = ey} + ,0)) + (g Do) — el 9,
l

and
1
= 5 S [k ks el )+ ([l ) = —(Drvy ) — 2(y, ).
k.l
Therefore

(10)  rica(y,y) = c((y, y) + (¥, w)*) + (y, Dmy) — c{y, y) (u, u)
+ ey, u)*(u,u) + {y, u) (= (D) = 2e(y,w)
=C(1—< u))(y,y) + c((u,u) — 1)y, u)?
+ (¥, Dmy) — (Y, u)(Duy, u)
16(1*< u, u))a(y, y) + @(y, Dny)-

This asserts that @ is a G-semi-algebraic Ricci soliton on G/H. Now according
to a deep result of [12], every G-semi-algebraic Ricci soliton is necessarily G-
algebraic. O

Now we can state the main result in this paper.

Theorem 4.5. Let (M, F) be a Randers algebraic Ricci soliton with vanishing
S-curvature.

(1) If (M, F) is shrinking, then it is Finstein.

(2) If (M, F) is steady, then it is locally Minkowskian.
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(3) If (M, F) is expanding, then it is Riemannian.

Proof. Assume G is a Lie subgroup of Iso(M, F) acting transitively on M, H
is the isotropy subgroup of G at a point p € M, and F' = a+ 5 is a G-algebraic
Ricei soliton satisfying (3).

If (M, F) is expanding, that is ¢ < 0. Then it follows from (9) that v = 0,
which implies that F' is Riemnannian.

If (M, F) is shrinking or steady, then by (10), the homogeneous Riemannian
Ricei soliton (M, h) is also shrinking or steady. It follows that (M, h) is in
fact Einstein [17,19]. That is Dy = 0, F is Einstein. In particular, if ¢ = 0,
(M, h) is Ricci flat, then it is flat [1]. By a result of [16], (M, F) is flat. Finally,
according to a result of Akbar-Zadeh (see Theorem 12.4.1 of [3]), (M, F) is
locally Minkowskian. (I
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