ON HOMOGENEOUS RICCI SOLITONS

RAMIRO LAFUENTE AND JORGE LAURET

ABSTRACT. We study the evolution of homogeneous Ricci solitons under the bracket
flow, a dynamical system on the space Hq C A’g* ® g of all homogenecous spaces of
dimension n with a g-dimensional isotropy, which is equivalent to the Ricci flow for
homogeneous manifolds. We prove that algebraic solitons (i.e. the Ricci operator is a
multiple of the identity plus a derivation) are precisely the fixed points of the system,
and that a homogeneous Ricci soliton is isometric to an algebraic soliton if and only if
the corresponding bracket flow solution is not chaotic, in the sense that its w-limit set
consists of a single point. We also geometrically characterize algebraic solitons among
homogeneous Ricci solitons as those for which the Ricci flow solution is simultaneously
diagonalizable.
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1. INTRODUCTION

Ricci solitons are precisely those Riemannian metrics that are ‘nice’ enough to be ‘im-
proved’ by the Ricci flow, in the sense that they just evolve by scaling and pull-back by
diffeomorphisms. A good understanding of them is therefore crucial to study the singular-
ity behavior of the Ricci flow on any class of manifolds. Trivial examples are provided by
Einstein metrics, as well as by direct products of an Einstein manifold with any Euclidean
space. Non-Kéhler examples of Ricci solitons are still very hard to find (see [DHW12]).

Homogeneity seems to be a very strong condition to impose. Nontrivial homogeneous
Ricci solitons must be expanding (i.e. the scaling is time increasing) and they can never be
compact nor gradient (see [L11, Section 2| and the references therein). One could say that
they should not exist, but they do. Actually, the nilpotent part of any Einstein solvable
Lie group gives an example of a homogeneous Ricci soliton, known as a nilsoliton in the
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literature (see [LO1]). One may also extend a nilsoliton to a different solvable Lie group
and obtain Ricci solitons which are not Einstein, the so called solvsolitons (see [L11]). In
all these examples the following ‘algebro-geometric’ condition holds:

(1) Ric(g) = ¢l + D, for some c€R, D € Der(s),

once the left-invariant metric g is identified with an inner product on the Lie algebra s
of the solvable Lie group S. So far, simply connected solvsolitons are the only known
examples of nontrivial homogeneous Ricci solitons.

A homogeneous space (G/K, g) is said to be a semi-algebraic soliton if there exists a
one-parameter family of equivariant diffeomorphisms ¢; € Aut(G/K) (i.e. automorphisms
of G taking K onto K) such that g(t) = c(t)¢;g is a solution to the Ricci flow starting
at g(0) = g for some scaling function ¢(¢) > 0. It is called an algebraic soliton if in
addition, for some reductive decomposition g = € @ p, the derivatives dyi|, : p — p are
all symmetric. The notion of algebraic soliton is precisely the generalization of condition
(1) to any Lie group or homogeneous space. It has recently been proved in [J11] that any
homogeneous Ricci soliton (M, g) is semi-algebraic with respect to its full isometry group
G=1(M,qg).

We give in Section 3 an up-to-date overview on homogeneous Ricci solitons. Next, in
Section 4, we study the evolution of semi-algebraic solitons under the bracket flow, an ODE
for a family u(t) € Hyn C A%g* ® g. Here H,,, denotes the subset of the variety of Lie
brackets on the fixed vector space g parameterizing the space of all homogeneous spaces of
dimension n with a ¢-dimensional isotropy (see [L12a]). This dynamical system has been
proved in [L12b] to be equivalent in a precise sense to the Ricci flow (preliminaries on
this machinery are given in Section 2). We first show that algebraic solitons are precisely
the fixed points, and hence the possible limits of any normalized bracket flow. This in
particular yields their asymptotic behavior and implies that algebraic solitons are all Ricci
flow diagonal, in the sense that the Ricci flow solution g¢(t) simultaneously diagonalizes
with respect to a fixed orthonormal basis of some tangent space.

Furthermore, given a starting point pug € Hgn, we prove that one can obtain at most
one nonflat algebraic soliton A as a limit by running all possible normalized bracket flow
solutions u(t). By using [L12a], we can translate this convergence u(t) — A of Lie brack-
ets into more geometric notions of convergence, including convergence on the pointed or
Cheeger-Gromov topology. The limit Lie bracket A might be non-isomorphic to p(t) and
therefore provides an explicit limit (G /Ky, gx) which is often non-diffeomorphic and even
non-homeomorphic to the starting homogeneous manifold (G, /Kqs Guo)-

Regarding semi-algebraic solitons, we obtain that under any normalized bracket flow,
they simply evolve by

/’L(t) — etA o = etA,uo(eftA',e*tA-),
for some skew-symmetric map A : g — g. Furthermore, they are algebraic solitons if and
only if A € Der(pp) (i.e. fixed points). In particular, any homogeneous Ricci soliton would
be necessarily isometric to an algebraic soliton in case the bracket flow was not chaotic, in
the sense that the w-limit set of any solution is a single point. This is an open question.

Whereas being a Ricci soliton is invariant under isometry, the concept of semi-algebraic
soliton is not, as it may depend on the presentation of the homogeneous manifold (M, g)
as a homogeneous space (G/K, g). We prove in Section 5 that the property of being Ricci
flow diagonal characterizes algebraic solitons. Namely:

A homogeneous Ricci soliton is Ricci flow diagonal if and only if it is
isometric to an algebraic soliton.

Note that this is a geometric characterization as the property of being Ricci flow diagonal
is also invariant under isometry. The Ricci flow evolution of a homogeneous Ricci soliton
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which is not isometric to any algebraic soliton, if any, is therefore quite different from all
known examples (i.e. solvsolitons).

Acknowledgements. We are very grateful to M. Jablonski for fruitful discussions on the
topic of this paper, and to the referee for many interesting and useful suggestions.

2. PRELIMINARIES

Our aim in this section is to briefly describe a framework developed in [L12a] which
allows us to work on the ‘space of homogeneous manifolds’, by parameterizing the set of
all simply connected homogeneous spaces of dimension n and isotropy dimension g by a
subset H,.,, of the variety of (¢ + n)-dimensional Lie algebras. According to the results in
[L12b], the Ricci flow is equivalent to an ODE system on #,,, called the bracket flow.

Given a connected homogeneous Riemannian manifold (M, g), each transitive closed
Lie subgroup G C I(M, g) gives rise to a presentation of (M, g) as a homogeneous space
(G/K,g), where K is the isotropy subgroup of G at some point o € M and g becomes a
G-invariant metric.

As K is compact, there always exists a reductive (i.e. Ad(K)-invariant) decomposition
g = t @ p, where g and £ are respectively the Lie algebras of G and K. Thus p can
be naturally identified with the tangent space p = T,M = T,G/K, by taking the value
at the origin o = eK of the Killing vector fields corresponding to elements of p (i.e.
X, = %\0 exptX(0)). Let g.. denote the G-invariant metric on G/K determined by
(,-) := g(0), the Ad(K)-invariant inner product on p defined by g. In this situation,
when a reductive decomposition has already been chosen, the homogeneous space will be
denoted by (G/K, g,...))-

In order to get a presentation (M, g) = (G/K,g,..)) of a connected homogeneous mani-
fold as a homogeneous space, there is no need for G C I(M, g) to hold, that is, an effective
action. It is actually enough to have a transitive action of G on M by isometries being
almost-effective (i.e. the normal subgroup {g € G : ghK = hK, Vh € G} of K is discrete),
along with a reductive decomposition g = £ @ p such that the inner product (-,-) on p
defined by (-,-) := g(0) is Ad(K)-invariant. Any homogeneous space considered in this
paper will be assumed to be almost-effective and connected.

In the study of homogeneous Ricci solitons carried out in the present paper, the following
special reductive decomposition has often been very convenient to take.

Lemma 2.1. Let (G/K, g) be a homogeneous space. Then there exists a reductive decom-
position g = €D p such that B(¢,p) = 0, where B is the Killing form of g.

Proof. 1t follows by taking p as the orthogonal complement of ¢ in g with respect to B.
Recall that Blexe < 0 since it is well known that Ad(K) is compact in GL(g) and the
isotropy representation ad : ¢ — End(p) is faithful by almost-effectiveness . This implies
that € Np = 0, and since dimp > dimg — dim € we obtain g = € 4+ p, concluding the
proof. O

2.1. Varying Lie brackets viewpoint. (See [L12a] for further information). Let us fix
for the rest of the section a (¢ 4+ n)-dimensional real vector space g together with a direct
sum decomposition

(2) g=tdp, dim¢ = q, dimp = n,

and an inner product (-,-) on p. We consider the space of all skew-symmetric algebras (or
brackets) of dimension g + n, which is parameterized by the vector space

Vgtn = {1 : g x g —> g : p bilinear and skew-symmetric},
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and we set

Vi :={p:pxp—p:pbilinear and skew-symmetric}.

Definition 2.2. The subset H,, C Vj4n consists of the brackets ;1 € V1, such that:

(h1) p satisfies the Jacobi condition, u(¢,€) C € and u(t,p) C p.

(h2) If G, denotes the simply connected Lie group with Lie algebra (g, u) and K, is
the connected Lie subgroup of G, with Lie algebra ¢, then K, is closed in G,.

(h3) (-,-) is ad,, t-invariant (i.e. (ad, Z|,)" = —ad, Z|, for all Z € ¢).

(h4) {Z e t: u(Z,p) =0} =0.

Each p € Hgypn defines a unique simply connected homogeneous space,

(3) € Hyn ~ (Gy/ngu)a

with reductive decomposition g = ¢ @ p and g,(o,) = (-,-), where o, = e, K, is the
origin of G,/K,, and e, € G, is the identity element. It is almost-effective by (h4), and it
follows from (h3) that (-, -) is Ad(K)-invariant as K, is connected. We note that any n-
dimensional simply connected homogeneous space (G/K,g) which is almost-effective can
be identified with some pu € Hgy,, where ¢ = dim K. Indeed, G' can be assumed to be
simply connected without losing almost-effectiveness, and we can identify any reductive
decomposition with our fixed vector space decomposition g = ¢ ® p. In this way, u will be
precisely the Lie bracket of Lie(G) (via its identification with g).

We also fix from now on a basis {Z1, ..., Z;} of £ and an orthonormal basis { X1, ..., X, }
of p (see (2)) and use them to identify the groups GL(g), GL(), GL(p) and O(p, (-, -)),
with GLg4n(R), GLy(R), GL,(R) and O(n), respectively.

There is a natural linear action of GLg4(R) on Vg4, given by

(4)  h-p(X,Y)=hu(h X, h7YY), XY €g, h€GLyn(R), p€ Vypn.
If w € Hyp, then h-p € Hyp for any h € GLg4p(R) of the form

(5) h = [f;)q i } € GLyn(R), hy € GLy(R), hy, € GLo(R),
such that
(6) (AL, ha, ad,, €ly] = 0.

We have that (Gh../Kp.,gny) is equivariantly isometric to (Gu/ngmn-,hn-))a and in
particular, the subset

{h-p:hyg=1I, hysatisfies (6)} C Hqn,

parameterizes the set of all G-invariant metrics on G, /K,. Also, by setting hy = I,
hn, = %I, ¢ # 0, we get the rescaled G-invariant metric C%g< y on Gu/K,, which is

e

isometric to the element of H,, denoted by c- u and defined by

(7) Copilexe =4, o plep =Hy € pilpxp = P + cpp,

where the subscripts denote the € and p-components of 1i|pxp given by

(8) M(Xay):ME(X7Y)+Mp(X7Y)7 IU'E(X7Y> €t ,U’p(Xay) €p, VXaYEP

The R*-action on Hyp, it — c- p, can therefore be considered as a geometric rescaling of
the homogeneous space (G,/K,, g,)-
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2.2. Homogeneous Ricci flow. (See [L12b, Section 3| for a more detailed treatment).
Let (M, go) be a simply connected homogeneous manifold. Thus (M, go) has a presentation
as a homogeneous space of the form (G /K, gu,) for some pg € Hyp, with reductive
decomposition g = ¢ @ p (see Section 2.1). Let g(¢) be the unique homogeneous solution
to a normalized Ricci flow

0 £ 9(1) = —2Relg(t)) — 2r(D)g(t),  9(0) = g0

for some normalization function r(t) which may depend on g(¢). For any continuous
function r, g(t) can be obtained by just rescaling and reparameterizing the time variable of
the usual unnormalized (i.e. r = 0) Ricci flow solution. It follows that g(t) is G, -invariant
for all ¢, and thus (M, g(t)) is isometric to the homogeneous space (G, /Ky, 9¢...y, ), where
(-,-)t := g(t)(0y) is a family of inner products on p. The Ricci flow equation (9) is therefore
equivalent to the ODE system

(10) &= =2Rell,)) ~ 2O Y (o= ()

where Re((+-)e) = Re(g(t)) (03)-

2.3. The bracket flow. (See [L12b, Sections 3.1-3.3] for a more gentle presentation).
The ODE system for a family pu(t) € Vyy, = A%g* ® g of bilinear and skew-symmetric
maps defined by

d
(11) o= ([0 Ric4rr]) 1 1(0) = o,
is called a normalized bracket flow. Here Ric, is defined as in [L12b, Section 2.3] and
coincides with the Ricci operator when p € Hgp, and 7 : gl (R) — End(Vy4,) is the

natural representation given by
(12) W(A),U = A:U’(a ) - N(Av ) - M('a A)7 Ae g[q+n(R)7 HE ‘/;I+n-
We note that 7 is the derivative of the GLgy (R)-representation defined in (4).
A homogeneous space (G 1)/ K ut); gu)) can indeed be associated to each pu(t) in a
bracket flow solution provided that pg € Hgy p, since it follows that p(t) € Hgp, for all t.

For a given simply connected homogeneous manifold (M, go) = (G o/ K pugs Guo)s 1o € Hapn,
we can therefore consider the following one-parameter families:

(13) (Mv g(t)), (GMO/K#O,‘Q(.’%) ) (Gu(t)/Ku(t)ag,u(t)) )

where g(t), (-,); and p(t) are the solutions to the normalized Ricci flows (9), (10) and the
normalized bracket flow (11), respectively. Recall that g = ¢ @ p is a reductive decompo-
sition for any of the homogeneous spaces involved. According to the following result, the
Ricci flow and the bracket flow are intimately related.

Theorem 2.3. [L12b, Theorem 3.10] There ezist diffeomorphisms p(t) : M — G,y / K )
such that
9@t) =) gy,  te(T-,T4),

where —oo < T_ <0< T4 < oo and (T—,T4) is the mazimal interval of time existence for
both flows. Moreover, if we identify M = G,/ K, then ¢(t) : Gy /Kuy — G/ Kuw
can be chosen as the equivariant diffeomorphism determined by the Lie group isomorphism
between G, and Gy with derivative h:= [09]:9— g, where h(t) = dy(t) p—
p is the solution to any of the following ODE systems:

(i) $h=—h(Ric((-,)) +r(®)I), h(0)=1.

(if) 4h = —(Ric,q +r(t))h, h(0) = 1.
The following conditions also hold:

’0;10
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(iv) p(t ) = huo(h ).
(t

It follows that u )|E><g = polexg for all t € (T, T ), that is, only u(t)|pxp is actually
evolving, and so the bracket flow equation (11) can be rewritten as the system

L = pe(Ricy -, ) + pe(-, Ricy ) + 2rpe(-, ),
(14) . 1e(0) + p1p(0) = prolpxp,
Ly = —mn(Ricy, +11)py = —mn(Ricy) gy + 74y

where e and p, are the components of p|yxp as in (8) and m, : gl,,(R) — End(V},) is the
representation defined in (12) for ¢ = 0.

Let v(t) denote from now on the unnormalized (i.e. » = 0) bracket flow solution with
v(0) = po. Then any normalized bracket flow solution is given by

(15) u(t) = c(t) - v(z(t),  te (T-,T),

for some rescaling ¢(t) > 0 (defined by ¢ = re, ¢(0) = 1) and time reparameterization
7(t) (defined by 7/ = ¢2, 7(0) = 0). If (T°,T?) denotes the maximal interval of time
existence for v(t), then 7 : (T, T}) — (T°,TY) is a strictly increasing function, though
non-necessarily surjective.

3. HOMOGENEOUS RICCI SOLITONS

A Riemannian manifold (M, g) is called Einstein if Rc(g) = cg for some ¢ € R (see e.g.
[Bs87]). The Einstein equation for an n-dimensional homogeneous space is just a system of
% algebraic equations, but unfortunately, quite an involved one, and it is still open the
question of which homogeneous spaces G/ K admit a G-invariant Einstein metric (see the
surveys [Wal2, L09] and the references therein). In the noncompact homogeneous case, the
only known non-flat examples until now are all simply connected solvable Lie groups, which
in this paper are always assumed to be endowed with a left-invariant metric. According to
the long standing Alekseevskii conjecture (see [Bs87, 7.57] and [LfL12]), asserting that any
Einstein connected homogeneous manifold of negative scalar curvature is diffeomorphic
to a Euclidean space, Einstein solvable Lie groups might exhaust all the possibilities for
noncompact homogeneous Einstein manifolds.

A nice and important generalization of Einstein metrics is the following notion. A
complete Riemannian manifold (M, g) is called a Ricci soliton if

(16) Re(g) =cg+ Lxg, for some c e R, X € x(M),

where Lxg is the usual Lie derivative of g in the direction of the (complete) vector field
X (as in the Einstein case, c is often called the cosmological constant of the Ricci soliton
g). Ricci solitons correspond to solutions of the Ricci flow that evolve self similarly, that
is, only by scaling and pullback by diffeomorphisms, and often arise as limits of dilations
of singularities of the Ricci flow. More precisely, g is a Ricci soliton if and only if the
one-parameter family of metrics

(17) g(t) = (—2ct + L)y g,

is a solution to the Ricci flow for some one-parameter group ¢ of diffeomorphisms of M
(see e.g. [CT07, C09] and the references therein for further information on Ricci solitons).

From results due to Ivey, Naber, Perelman and Petersen-Wylie (see [L11, Section 2)), it
follows that any nontrivial (i.e. non-Einstein and not the product of an Einstein homoge-
neous manifold with a Euclidean space) homogeneous Ricci soliton must be noncompact,
expanding (i.e. ¢ < 0) and non-gradient (i.e. X is not the gradient field of any smooth
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function on M). Any known example so far of a nontrivial homogeneous Ricci soliton is
isometric to a solvsoliton, that is, a simply connected solvable Lie group (S, g) satisfying

(18) Ric(g) = cI + D, for some c€R, D € Der(s),

once the metric ¢ is identified with an inner product on the Lie algebra s of S. When S
is nilpotent, these metrics are called nilsolitons and are precisely the nilpotent parts of
Einstein solvable Lie groups (see the survey [L09] for further information). It is proved in
[L11] that, up to isometry, any solvsoliton can be obtained via a very simple construction
from a nilsoliton (N, g1) together with any abelian Lie algebra of symmetric derivations
of the metric Lie algebra of (IV, g1). Furthermore, a given solvable Lie group can admit
at most one solvsoliton left invariant metric up to isometry and scaling, and another
consequence of [L11] is that any Ricci soliton obtained via (18) is necessarily simply
connected (see also [Lf12, W11] for examples and classification results on solvsolitons).

The following recently proved result completes the picture for Ricci soliton solvmani-
folds, i.e. admitting a transitive solvable Lie group of isometries.

Theorem 3.1. [J11, Theorem 1.1] Any (nonflat) Ricci soliton solvmanifold (non-necessarily
simply connected) is isometric to a solvsoliton.

The concept of solvsoliton can be easily generalized to the class of all homogeneous
spaces as follows.

Definition 3.2. A homogeneous space (G/K, g;..,) with reductive decomposition g = £@p
is said to be an algebraic soliton if there exist ¢ € R and D € Der(g) such that D¢ C ¢ and

RiC(g< )) =cl + Dp,

B

where Dy, := proD|, and pr: g =€ @ p — p is the linear projection.

We note that Einstein homogeneous manifolds are algebraic solitons with respect to
any presentation as a homogeneous space and any reductive decomposition, by just taking
D =0.

The following result supports in a way the above definition.

Proposition 3.3. Any simply connected algebraic soliton (G/K, g,..,) is a Ricci soliton.

Remark 3.4. The hypothesis of G/K being simply connected is in general necessary in the
above proposition, as the case of solvsolitons shows (see [L11, Remark 4.12]).

Proof. We can assume that G is simply connected and still have that G/K is almost-
effective. Notice that K is therefore connected as G/K is simply connected. Since D €
Der(g) we have that e!” € Aut(g) and thus there exists ¢; € Aut(G) such that d@;|. = ‘P
for all t € R. By using that K is connected and Dt C ¢, it is easy to see that ¢;(K) = K for
all t. This implies that ¢; defines a diffeomorphism ¢; of M = G/K by ¢i(uK) = ¢(u) K
for any u € G, which therefore satisfies at the origin that dyy|, = etPr. Let Xp denote
the vector field of M defined by the one-parameter subgroup {y;} C Diff(M), that is,
Xp(p) = %]0% (p) for any p € M. It follows from the symmetry of D, that

d * d —tD —tD.
= @ 0@1‘,9(-,-)(0) = & 0<6 Pee p‘> = _2<DP’7 ’>7

(19) Lxp9(.(0)

but since Ric = cI + Dy, we obtain that Rc(gy...y)(0) = cg,...y(0) — %EXDg<.7.>(0). Using that

every tensor in the previous formula is G-invariant (recalf that the flow of Xp is given by
automorphisms of ), we get Re(gq..)) = cg(..y — %EXDg< ), and so g(. y is a Ricci soliton

= N =N )

(see (16)), as was to be shown. O
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Remark 3.5. In Definition 3.2, Dt = 0 necessarily holds. Indeed, we have that

]

and thus Dt = 0 by almost-effectiveness.

From the proof of Proposition 3.3, one may perceive that there is a more general way to
consider a homogeneous Ricci soliton ‘algebraic’, in the sense that the algebraic structure
of some of its presentations as a homogeneous space be strongly involved.

Definition 3.6. [J11, Definition 1.4] A homogeneous space (G/K,g) is called a semi-
algebraic soliton if there exists a one-parameter family ¢; € Aut(G) with ¢(K) = K such
that

9(t) = ()i 9,
is a solution to the (unnormalized) Ricci flow equation (9) starting at g(0) = g for some
scaling function ¢(t) > 0, where ¢; € Diff (G/K) is the diffeomorphism determined by ¢;.

As the following example shows, a homogeneous Ricci soliton is not always semi-
algebraic with respect to a given presentation as a homogenous space.

Ezample 3.7. The direct product S = 51 x S of a completely solvable nonflat solvsoliton
S1 and a flat nonabelian solvable Lie group S is a Ricci soliton which is not semi-algebraic
when presented as a left-invariant metric on S (see [J11, Example 1.3]).

The following result confirms the protagonism of the algebraic side of homogeneous
manifolds in regard to Ricci soliton theory.

Theorem 3.8. [J11, Proposition 2.2] Any homogeneous Ricci soliton (M,g) is a semi-
algebraic soliton with respect to its full isometry group G = 1(M, g). Moreover, ¢, can be
chosen to be a one-parameter subgroup of Aut(G) such that ¢¢|k, = id, where Ky is the
identity component of K.

It follows from (19) that if (G/K,g. ) is a semi-algebraic soliton with reductive de-
composition g = £ @ p, then

(20)  Ric(g..y) =l + 5 (Dp + Dy) for some c€R, D € Der(g), DE=0,

where actually D = 4|33, (see also [J11, Proposition 2.3]). Conversely, if condition (20)

holds for some reductive decomposition and G/ K is simply connected, then one can prove
in much the same way as Proposition 3.3 that (G /K, g<.7,>) is indeed a Ricci soliton with

Re(g(.)) = egi.) = 3£xp9¢.)-
Ezxample 3.9. The following example was generously provided to us by M. Jablonski and

it is given by the 6-dimensional solvable Lie group whose metric Lie algebra has an or-
thonormal basis { X1, Y1, Z1, Xo, Ys, Zo} with Lie bracket

(X1 =21, [X1,Xo]=Ys [X1,Y2]=—-Xo, [Xo, Yo]=25.

It is easy to see that it is not a semi-algebraic soliton. Indeed, the Ricci operator is
Ric = Diag(—%,—%,%,—%,—%,%) and if (20) holds, then ¢ = —% since D must leave
the nilradical (Xa,...,Z5) invariant. Now, restricted to the Lie ideal (Xs, Y5, Z5), the
diagonal part of D has the form Diag(a, b, a + b), and thus a = b = 0 and —% +a+b= %,
a contradiction. However, it is easy to prove that it is isometric to the nilsoliton Hg x Hs,
where Hs denotes the 3-dimensional Heisenberg group. The bracket flow evolution of this

solvable Lie group will be analyzed in Section 4.3.

The special reductive decomposition given in Lemma 2.1 establishes some constraints on
the behavior of derivations, and consequently on the structure of semi-algebraic solitons.
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Lemma 3.10. Let (G/K, g,..,) be a homogeneous space with reductive decomposition g =
t © p, and assume in addition that B(t,p) = 0, where B is the Killing form of g. If
D € Der(g) satisfies Dt C ¢, then Dp C p.

Proof. For X € p, Z = DX, we write Z = Zg + Z, according to the decomposition
g =t @ p. By using that Dt C ¢ and B(¢,p) = 0, we get

0= B(Z? ZE) +B(X7 DZB) = B(Z{3>ZB)7
which implies that Z; = 0 since Blex¢ is negative definite. O

Corollary 3.11. Let (G/K,g,..y) be a semi-algebraic soliton with reductive decomposition
g =t dp, and assume in addition that B(¢,p) = 0. Then,
Ric(g.y) =cl + 3 (Dy+Dy),  with D =[g ] € Der(g).

Ezxample 3.12. It may happen that p is not preserved by the derivation D. Consider for
instance any nilsoliton (n, (-, -)), say with Ric, = ¢+ Dy, Dy € Der(n). Assume there exists
a nonzero B € Der(n) Nso(n, (-,-)). This gives rise to a presentation of the nilsoliton as a
homogeneous space with one-dimensional isotropy and reductive decomposition g = €@ n,
where £ = RB and B is acting on n as usual. Now suppose that there is a nonzero X € n
such that BX = 0, and let p C g be the subspace spanned by «, where « is the set
obtained by replacing X with X + B in an orthonormal basis 3 of (n, (-,)) containing X.
We see that g = £ @ p is also a reductive decomposition. Under the natural identification
of p with n, the basis o and 3 turn out to be identified, and then the Ricci operator Ric,
(according to g = £ @ p) is given by

RiCp =cl+D;, D€ End(p), [Dﬂa = [Do}ﬁ,

which implies that it is still an algebraic soliton with respect to the reductive decomposition
g = £ & p. Now assume that Dy = (D, + Dy), for some D := [8 [())p] € Der(g). Then,
by using that Dp C p Nn (in fact, Dg C n since g is solvable and n is its nilradical) and
pNn_L (X + B), we obtain that

(DX, X)=(D1(X+B),(X+B))=(D(X+B),(X+B)) =0,

which contradicts the fact that Dy is positive definite (see e.g. [L09, Section 2]). Thus this
reductive decomposition does not allow us to present this nilsoliton as a semi-algebraic
soliton with a derivation leaving p invariant. The bracket flow evolution of this example
in the case n is the 3-dimensional Heisenberg Lie algebra will be studied in Section 4.4.

In [LfL12], some structural results on Lie theoretical aspects of semi-algebraic solitons
are given. In the case of nilmanifolds, or more precisely, when G is nilpotent and simply
connected and K is trivial, condition (20) is equivalent to (G, (-, -)) being a nilsoliton, since
D! turns out to be a derivation in this case. Indeed, if Ric((-,-)) = ¢l + D + D, then by
using [L12b, (19)] one obtains that

0 = trRic((-,)) D, Ric((-,))] = trRic((-,))[D, D] = Hx(D")[-, |, w(DY)[-, ).

and hence D! € Der(g). This fixes a gap in the proof of [L01, Proposition 1.1], which was
kindly pointed out to the second author by M. Jablonski.

It is proved in [J11, Theorem 1.6] that any homogeneous Ricci soliton admitting a
transitive semi-simple group of isometries must be Einstein.

As far as we know, beyond solvmanifolds, the current status of knowledge on simply
connected (nontrivial) homogeneous Ricci solitons can be summarized as in Figure 3.
Recall that the only known examples for now are all isometric to solvsolitons, i.e. left-
invariant algebraic solitons on simply connected solvable Lie groups.
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Fi1GUurRE 1. Homogeneous Ricci solitons

4. ALGEBRAIC SOLITONS AND THE BRACKET FLOW

We study in this section how semi-algebraic solitons evolve according to the bracket
flow. Algebraic solitons are proved to be the only possible limits, backward and forward,
for any bracket flow solution. This fact and the equivalence between the bracket and
Ricci flows (see Theorem 2.3) suggest that algebraic solitons might exhaust the class of
all homogeneous Ricci solitons (up to isometry).

Proposition 4.1. Let u(t) be a solution to any normalized bracket flow (see (11) or (14)).
(i) If po is a fized point (i.e. u(t) = po), then (G uo/Kuoaguo) is an algebraic soliton
with Ric,, = cI 4+ Dy, for some ¢ € R and such that [0 Dy ] € Der(g, 110)-
(ii) If p(t) = X € Hyn, ast — Ty, then Ty = oo and (GA/KA,g)\) is an algebraic
soliton as in part (i).
(iti) Assume that p(t) — X\ € Hyn, as t — +00, with Npxp # 0. Then the limit X of
any other r-normalized bracket flow solution necessarily satisfies A=c-\ for some
¢ > 0. In particular, X is either flat (c = 0) or homothetic to A (¢ >0).

Proof. Let \ be a fixed point for some normalized bracket flow of the form (11) (i.e.

w(t) = pp = A). Thus
- ([8 Ricy L(o)l]) A=0,

from which we deduce that (Gy/K), gy) is an algebraic soliton with ¢ = —r(0) and D =
[8 Ricy, ﬂr(o)l} (see Definition 3.2). This proves part (i). If u(t) = A € Hyp, then it is
clear that T, = o0 because the solution stays in a bounded region, and A is a fixed point
of the system, hence it must be an algebraic soliton as in part (i).

Let us now prove (iii). It follows from [L12b, Lemma 3.9] that both time reparametriza-
tions 7(t) and 7(t) converge to T, as t — +oo (see (15)). We project the curves deter-
mined by the two bracket flow solutions onto the quotient Vg, /R, where the R ¢-action
is given by the rescaling (7), and denote by [v] the equivalence class of a vector v € V4p,.
By (15), we obtain that [v(s)] converges to both [\ and [A], as s — T9, relative to the
quotient topology. As the pairs of points which can not be separated by disjoint open sets
in V,1n/Rsq are all of the form [v], [0 - v] for some v € Vi, either A = 0- X or [\] = [)],
as was to be shown. U

As an application of Theorem 2.3, unnormalized Ricci and bracket flow solutions are
proved in what follows to have a very simple form for semi-algebraic and algebraic solitons.

Proposition 4.2. Let (G, /Ky, 9uo): 1o € Hgn, be a homogeneous space that is a semi-
algebraic soliton, say with

Ricy, =l + 3(Dy+D}),  c€R,  D:=[{p ] € Der(g, po).
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Then the unnormalized bracket flow solution to (11) (i.e. with r =0) is given by

(35,00), c<0,
@21 v(t) = (=2t + 1) éesu)AeO—s(twp] “Ho,  tE€Q (=00,g5), >0,
(—00,0), c=0,

where A = 5(Dy — D}) and s(t) = —5-In(—2ct + 1) (for c =0, s(t) = 1).
Conversely, if the unnormalized bracket flow v(t) evolves as in (21), then (Gy/ Ky, Guo)
is a semi-algebraic soliton. The corresponding derivation D satisfies that A = %(Dp — Dé),

although possibly Ep # Dy.
Proof. By using equality Ric,, = ¢l + %(Dp + D;), it is easy to check that
(-, )¢ = (—2ct + 1)<efs(t)Dp.7 e*s(t)Dp.%

is a solution to the unnormalized Ricci flow (10). The Ricci operator of (-, -); is therefore
given by

Ric((-,)¢) = (=2¢ct+1)"1e*®Pr Ric((-, -))e Oy = (=2¢t+1) " eI+ Dy —e*BPr Ao =51 Dr)
(recall that Ric((-,-)) = Ric,, = ¢l + Dy — A). Now we solve the differential equation

given in part (i) of Theorem 2.3, getting h(t) = (—2ct + 1)'/2e5®Ae=5()Dp and by using
part (iv) of the same theorem we obtain the desired formula for v(t).

o> Which equals —m ([8 RiSHO D 140- O

The converse follows by computing %V(t)

Remark 4.3. If D has the special form D = [8 19,,] (i.e. Dp C p, or *x = 0), which holds
for instance if the reductive decomposition satisfies By, (€,p) = 0 for the Killing form B,

of pg (see Corollary 3.11), then [é 8_38)Dp] € Aut(g, i10), and hence the formula for the
unnormalized bracket flow is given by

(22) v(t) = (<2et + )72 (L 04] - o).

Algebraic solitons with Dp C p are characterized in terms of their bracket flow evolution
as follows.

Proposition 4.4. For a homogeneous space (Guy/Kug,Guo), o € Hgn, the following
conditions are equivalent:

(1) (Guo/Kuy> 9uo) is an algebraic soliton with
Ricy, = cI + Dy, c €R, D =[{p,] € Der(g, po)-
(ii) The unnormalized bracket flow solution is given by
v(t) = (=2¢t +1)"2 - py,

or equivalently,

(9, 00), c <0,
ve(t) = (=2t + 1) e(0), () = (=2t + 1) 2pp(0), t€( (=00, ), >0,
(—o00,00), c¢=
(iii) The solutions to the unnormalized Ricci flow equations (9) and (10) are given by

9ij(t) = (Xi, Xj)¢ = (—2¢t + 1)"/¢5,,

where {X1,...,X,} is an orthonormal basis of (p, (-,-)) of eigenvectors (or Killing
vector fields) for Ric,, with eigenvalues {r1,...,m,}.
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Proof. The equivalence between parts (i) and (ii) follows from Proposition 4.2, by using
Remark 4.3 and that A = 0 in this case. To prove that parts (ii) and (iii) are equivalent,
we can use Theorem 2.3, as in both cases one obtains

h(t) = e Ricuo g (t) = Llog(—2ct + 1),

C

concluding the proof of the proposition. O

Part (iii) of the above proposition generalizes results on the asymptotic behavior of
some nilsolitons obtained in [P10, Will] and algebraic solitons on Lie groups in [LW12].
Recall that ¢ < 0 for any nontrivial homogeneous Ricci soliton.

It follows from Proposition 4.4, (ii) that if gy = 0 (e.g. if ¢ = 0) or pp = 0, then
the trace of the algebraic soliton v(t) is contained in the straight line segment joining pg
with the flat metric A given by Aexy = folexg, Alpxp = 0 (see e.g. the algebraic solitons
S? x R, H?> x R and Nil in [L12b, Figure 1], and those denoted by Gp;, E2, H x R™
and N in [L12b, Figure 5]). Otherwise, if p, p1p # 0, then v(t) stays in the half parabola
{s%ue + spp : s > 0} joining po with the flat A (e.g. the round metrics on S3 in [L12b,
Figure 1]). In any case, the forward direction is determined by the sign of c.

We now study the evolution of semi-algebraic solitons under a normalized bracket flow.
Let F': Hypn — R be a function which is invariant under isometry (i.e. F(u) = F(X) for
GLg(R) © }_

0 O(n)
invariant relative to the action defined in (4)-(6). Also assume that F' is homogeneous, in
the sense that there exists d # 0 such that F(c-u) = ¢F(u) for any ¢ € R, pp € Hyp.
Some examples of homogeneous and isometry invariant functions are given by the scalar
curvature R(u), more in general the other traced powers tr Ricﬁ of the Ricci operator, and

any pair g, A € My, of isometric homogenous spaces). In particular, F is [

||Vij Rm,, ||, where V, denotes the Levi-Civita connection and Rm,, the Riemann curvature
tensor.

Consider the normalized bracket flow u(t) as in (11) such that F(u(t)) = F(uo), and
express it in terms of the unnormalized bracket flow by wu(t) = c(t)v(7r(t)) (see (15)). If
to € Hqn is a Riccei soliton with cosmological constant ¢y (see (16)), then it follows from
Theorem 2.3 and (17) that

F(uo) = c(t)(—2cor(t) + 1) Y2 F (o), V¢

By assuming that F(u) # 0, we obtain that ¢(t) = (—2co7(t)+1)/2 and so ¢ (t) = —coc(t),
from which follows that r(t) = —cp (recall from (15) that ¢ = rc). The evolution equation
of the normalized bracket flow yielding F' constant and starting at a Ricci soliton pg is
therefore given by

(23) Gi=—n ([§x2 ) p—con  nl0) = o

Moreover, it follows that c(t) = e~ and 7(t) = Loe 200t (and 7(t) =t if ¢9 = 0), which

2¢co

together with Proposition 4.2 yield the following result.

Proposition 4.5. Let (G, /Ky, 9uo); 1o € Hqn, be a homogeneous space that is a semi-
algebraic soliton, say with

Ricy, =l + (D, + D;), ceR, D := [8 D*p] € Der(g, p0)-

Let ' : Hypn — R be any differentiable function invariant under isometry and ho-
mogeneous such that F(uo) # 0. Then the normalized bracket flow solution such that

F(u(t)) = F(po) is given by
(24) ,u(t) = [é etAethp] * 1O, te (—OO, OO),
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where A = 3(Dy — Dy).
It follows from Remark 4.3 that if the derivation D satisfies Dp C p, and F' : H,,, — R

is only assumed to be homogeneous and [é O?n)]-invariant, then the evolution is simply
given by

(25) () =[5 a] - mo-

An example of a homogeneous and [é O?n)]—invariant function which is not isometry in-
variant is F'(u) = ||| (see Section 4.1 below).
As the orbit [6 O?n)} - po is compact, the solution pu(t) in (25) stays bounded and the

limits of subsequences p(ty) are all isomorphic to g (compare with the example in Section
4.3).

On the other hand, recall that A is skew-symmetric, so its eigenvalues are purely imag-
inary. By Kronecker’s theorem, there exists a sequence tj, with ¢, — oo, such that
et*A — I. This implies that u(to + t) = u(to) for any ¢ty € R and thus the whole

—00

solution is contained in its w-limit. The absence of this kind of chaos for the bracket flow,
which is still an open question, would imply that p(t) = po, and so A should be a derivation
of pp thus obtaining that any semi-algebraic soliton would be necessarily algebraic.

4.1. Normalizing by the bracket norm. The choice of any inner product on ¢ allows
us to consider the inner product on A%?g* ® g defined by

(26) (1, X) =D (u(Y3,Y5), A(Y;, Y5)),

where {Y;} is the union of orthonormal bases of ¢ and (p, (-, -)), respectively. Given any
i € Hypn, one may assume to make simpler some computations that the inner product on
t is Ad(K,)-invariant (recall that Ad(K,) is compact in GL(g)), which will also hold for
any other element in #,,, coinciding with p on £ x £ (e.g. for any normalized bracket flow
solution starting at pu).

The normalized bracket flow equation as in (11) such that the norm ||u(t)|| of any
solution remains constant in time, produces an interesting consequence: there always
exists a convergent subsequence u(ty) — A. Recall that u(t)]exg = polexg for any bracket
flow solution, so we only need to keep [|1(t)|pxpll?> = |lzell®> + ||fzp]|? constant. By using
that

4
le - plpxcpll® = cHlpell + €2l 1,
we obtain that [|c - ulpxpl|* = 1 if and only if

(27) A(t) = —llppll” + /Mo I* + 4[] e
2 pe|? ’

and c(t) = ||up||~! for g = 0. It is easy to prove that the corresponding normalizing
function r in equation (11) must be

4trRicM — (ug, pe(Ric -, -) + pe(+, Ric-))
T =
2| sel|* + {1 o2
An alternative way to guaranty the existence of a convergent subsequence is by taking
1
(28) t) im
el [*/2 4[]

as it follows that 0 < 8 < ||c- plpxpl|? < 2, where B = (1 — a)? + o' ~ 0.289 and « is the
real root of 223 +z — 1.

pe # 0,
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Once we obtain a convergent subsequence pi(t) — A, we have that A|,xp # 0 as soon as
tolpxp 7 0, but we do not know if it is always the case that A € H,,,. The only condition
in Definition 2.2 which may fail is (h2), that is, K might not be closed in G. This would
yield a collapsing with bounded geometry under the Ricci flow to the lower dimensional
homogeneous space G /K, (see [L12a, Section 6.5]). We also note that A may belong to
Hqn and nevertheless be flat (see the examples in Sections 4.3 and 4.4).

Recall that F(u) = ||| is homogeneous and [é O(On)}—invariant, so that formula (25)

applies for the evolution of semi-algebraic solitons.

4.2. Scalar curvature normalization. If we start the Ricci flow at a Ricci soliton
(M, g), the solution g(t) is homothetic (i.e. isometric up to scaling) to g for each ¢t where it
is defined. So, in the homogeneous case, normalizing by constant in time scalar curvature
yields a solution g(t) that is isometric to g for each t.

It is well known that the scalar curvature R = R(g(t)) of any Ricci flow solution g(t)
evolves by

9. )
R = A(R) + 2| Re

where A is the Laplace operator of the Riemannian manifold (M, g(t)) (see e.g. [CKO7,
Lemma 6.7]). As in the homogeneous case R is constant on M, we simply get

d
29 —R =2[|Re]*.
(29) CR=2|Re]
We refer to [L12b, Proposition 3.8, (vi)] for an alternative proof of this fact within the

homogeneous setting, as an application of Theorem 2.3.

Lemma 4.6. Let (M, g) be a Ricci soliton with constant scalar curvature (not necessarily
homogeneous), say with Re(g) = cg + Lxg and Ricci operator Ric(g) . Then,

cR(g) = trRic(g)?,
where R(g) = trRic(g) is the scalar curvature.

Proof. Let g(t) be the unnormalized Ricci flow starting at g. It follows from (17) and (29)
that
d

2(—2ct + 1) "2 tr Ric(g)? = 2tr Ric(g(t))* = @R(g(t))
d
= a(—Qct + 1) R(g) = 2¢(—2ct + 1) "*R(yg),
and so the lemma follows. O

By using that a homogeneous manifold is flat if and only if it is Ricci flat (see [AKT75]),
we deduce from the above lemma that a homogeneous Ricci soliton (M, g) is flat as soon
as ¢ = 0 or R(g) = 0. Furthermore, if (M, g) is nonflat, then ¢ and R(g) are both nonzero
and have the same sign.

For the normalized bracket flow in this case, we have that the limit A of any subsequence
u(ty) — A, as tp — +oo, is automatically nonflat as R(A\) = R(ug). Unfortunately, the
solution may diverge to infinity without any convergent subsequence. There are examples
of this behavior with R < 0 in [L12b, Sections 3.4 and 4], and to obtain examples with
R > 0 consider any product F x S of a compact Einstein homogeneous manifolds £ and
a nonabelian flat solvable Lie group S.

Since F'(p) = R(p) is homogeneous and isometry invariant, we can apply Proposition
4.5 and (25) to study the evolution of semi-algebraic solitons under this normalization.
In this case, these results also follow more directly by using [L12b, Example 3.13] and
Lemma 4.6.
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4.3. Example of a non semi-algebraic soliton evolution. Our aim in this section is
to study the bracket flow evolution of the homogeneous Ricci soliton which is not semi-
algebraic given in Example 3.9. We therefore fix an orthonormal basis { X1, Y1, Z1, X», Y2, Z2}
of g and consider v = v, . € Ho,6 = L defined by

V(Xl,yl) = aZl, I/(Xl,XQ) = bYé, V(Xl,YQ) = —bXQ, I/(XQ,YQ) = CZQ.

It is easy to see that for any a,c # 0, the solvable Lie group (G, (-,-)) is isometric to
the nilsoliton Hs x Hs, where H3 denotes the 3-dimensional Heisenberg group. By a
straightforward computation we obtain that the unnormalized bracket flow is equivalent
to the ODE

a = —%ag, v = —%agb, d = —303,
from which follows that if a(0) = b(0) = ¢(0) = 1, then

_ 3 _ -3 _ 3 1
a="b’, b(t)=(3t+1)"6, c=10, te(—3,00).

Thus v(t) — 0 (flat), as ¢ — oo, and v(t) — oo, as t — —1.
It follows from |v||? = 2(a? + 2b% + %) = 4b%(b* + 1) that

o _ ¥ — 0 — 1
vl - 2(b4—|—1)1/2 o 7 tﬁfé 2 |
b 1

Wl ~ 20T+ )72 o

This implies that under the bracket norm normalization, ﬁ — v 1 ,ast — 00, a
127
1

nonabelian flat solvable Lie group, and backward, as ¢t — —z, we have that ﬁ —> V1 1,

3 0.5
2V
the nilsoliton H3 x Hj itself.
Concerning scalar curvature normalization, by using that R = R(v) = —1(a® +b%) =
—b5, we obtain
¢ =1 b1 — — 0
R~ RE R 1)
3
and therefore |R\L1/2 — 00, as t — oo. In the backward direction, as t — —%, one has

WLUQ — 10,1, the nilsoliton H3 x Hj.
We note that all the limits obtained are non-isomorphic to the starting point vg = 11,1,
and that v(t) even diverges to infinity in one case. This is in clear contrast with the

evolution of semi-algebraic solitons described in (25).

4.4. Example of an algebraic soliton evolution with Dp ¢ p. By Proposition 4.1, (i),
the fixed points of the normalized bracket flow are precisely algebraic solitons with Dp C p.
It is then natural to ask how an algebraic soliton with Dp ¢ p evolves, and this is the
question we address in this section, by studying the bracket flow evolution of the algebraic
soliton given in Example 3.12 in the specific case where n = b3 is the 3-dimensional
Heisenberg Lie algebra. Fix a basis {Z, X1, X2, X3} of g and consider v = v, € Hi3
defined by

V(Z,Xl) :XQ, I/(Xl,XQ) :CLX3—|-bZ, V(Xg,Xl) :CX27
V(Z, XQ) = —X1 V(XQ,Xg) = CXl,

where £ = RZ and {X;, X9, X3} is an orthonormal basis of (p,(:,-)). For (a,b,c) =
(1,—1,1) we get the nilsoliton Hs presented with the modified reductive decomposition,
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as in Example 3.12. The unnormalized bracket flow for v, . is equivalent to the ODE

a = (—%a2 + 2b + 2ac)a, v = (—a® 4 2b + 2ac)b, d = %CL2C.

It is not difficult to see that if b # 0 then 4° remains constant, and so starting at a(0) =

¢(0) = 1,b(0) = —1 one easily solves the ODE and gets

1
a=c3, b=—c2 c(t) = (3t +1)8, te (—3,00).

We obtain v(t) — oo if we let either t — oo or t — —é. This provides an explicit example

of the following unexpected behavior: a bracket flow solution which is immortal but not
due to uniform boundedness, as it goes to infinity.
Under the bracket norm normalization defined in (28), we see that

1
sV —— V1
[V 2+ llvpll ™ o0 0,0,5°

a flat metric on the solvable Lie group F(2), and backward,

1
— 1V —> V1

ve Y2y —=,0,0
llvell*/ 2+l t—>—% 720

the nilsoliton Hj itself, though presented with reductive decomposition such that Dp C p.
This follows from a straightforward calculation, by using that [|vp[|? = 2a® + 4¢?, ||1s]|* =
202

Regarding scalar curvature normalization, we have that R = R(v) = —%a2 = —%C_G,

and then

a b c
——_ =4/9, — = —2¢4, = V24
|R|V/? |R| R/
This implies that W%/Q v — 00 as t — oo, and backward, one has that as t — —%,

V=V 500 the same nilsoliton Hg obtained in the backward limit of the bracket

w7
norm normalization.

As in the previous example, we obtain non-isomorphic limits and even divergence in
one case, in contrast with Proposition 4.4 and (25), thus showing the advantages of having
condition Dp C p.

5. A GEOMETRIC CHARACTERIZATION OF ALGEBRAIC SOLITONS

Whereas the concept of Ricci soliton is a Riemannian invariant, that is, invariant under
isometry, the concept of semi-algebraic soliton is not, as it may depend on the presentation
of the homogeneous manifold (M, g) as a homogeneous space (G/K,g) (see Section 3).
Moreover, being an algebraic soliton may a priori not only depend on such presentation,
but also on the reductive decomposition g = € @ p one is choosing for the homogeneous
space (see Definition 3.2).

The following property plays a key role in the study of the Ricci flow for homogeneous
manifolds (see [LW12]).

Definition 5.1. A homogeneous manifold (M, g) is said to be Ricci flow diagonal if
at some point p € M there exists an orthonormal basis S of T,M such that the Ricci
flow solution g¢(t) starting at g is diagonal with respect to 8 for any t € (T_,T%}) (i.e.

9ij()(p) = 0 for all i # j).

We note that the point p plays no role in this definition, as the condition holds either
for every point or for none. It is easy to see that the property of being Ricci flow diagonal
is invariant under isometry. Already in dimension 4, there is a left-invariant metric on a
nilpotent Lie group which is not Ricci flow diagonal (see [LW12, Example 5.7]).
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Let (M, g) be a homogeneous Ricci soliton, and consider any presentation (G /K, g..y) of
(M, g) with reductive decomposition g = €@ p. It is easy to check that if the unnormalized
Ricci flow solution to equation (10) is written as

<'7 '>t = <P(t)'a '>7

where P(t) is the corresponding smooth curve of positive definite operators of (p, (-,)),
then the Ricci flow equation is equivalent to the following ODE for P:

(30) %P = —2PRic((:, )1),

where Ric((-,-)¢) := Ric(g(t))(0) : p — p is the Ricci operator at the origin. It follows
from the uniqueness of ODE solutions that the following conditions are equivalent:
e (M,g) is Ricci flow diagonal.
e There exists an orthonormal basis 8 of (p, (-, -)) such that the matrix [Ric((-,)¢)]s
is diagonal for all t € (T, TY).
e The family of symmetric operators {P(t) : t € (T_,T%})} is commutative.

By Remark 4.3 and Proposition 4.4, (iii), any algebraic soliton is Ricci flow diagonal. We
now prove that this condition actually characterizes algebraic solitons among homogeneous
Ricci solitons. In particular, if any, a homogeneous Ricci soliton which is not isometric to
any algebraic soliton must be geometrically different from all known examples.

Theorem 5.2. A homogeneous Ricci soliton is Ricci flow diagonal if and only if it is
isometric to an algebraic soliton.

Proof. Let (M,g0) = (G/K,go) be a homogeneous Ricci soliton presented as a semi-
algebraic soliton (we can assume that thanks to Theorem 3.8). Fix a reductive decompo-
sition g = ¢ @ p such that B(¢,p) = 0 (see Lemma 2.1), and also fix any inner product
on g that extends (-,-)o = go(eK) and makes ¢ L p. Let us write the Ricci opera-
tor as Ric((,")o) = ¢l + D, — A, A = (D, — Dy); from Lemma 3.10 we have that
D := [8 Sp] € Der(g, p10). We observe that D is normal if and only if D is so.

Assume that (G/K, go) is Ricci flow diagonal, hence

[Ric((-, -)¢), Ric((--)o)] =0, Vte (T-,T4),
By using that Ric((-,-)¢) = (=2¢t + 1)~ Le*®Pr Ric((-, -)g)e *®P» (which follows from the
proof of Proposition 4.2), we can rewrite the previous formula as
[eP% Ric((-,-)g)e *Pr Ric((-,-)g)] = 0, Vs € (—¢,¢).
Now this implies that [[Dy, Ric((-,-)o)], Ric({,-)o)] = 0, and so
0 = tr Dy[[Dy, Ric((-,)o)], Ric((:, -)o)] = — tx [Dy, Ric((:, -)o)]*.

It follows that [Dy,Ric((:,-)o)] = 0 as it is skew-symmetric, or equivalently, [Dy, A] = 0,
and thus D, is normal. Hence D is normal as well, and so D' € Der(g) since it is a
well-known fact that the transpose of a normal derivation of a metric Lie algebra is again
a derivation (see e.g. the proof of [L11, Lemma 4.7] or use that Aut(g) is an algebraic

group). Thus Ric((-,")o) — ¢I = 3(D + D'),, with 3(D + D?) € Der(g), which shows that
the semi-algebraic soliton is actually algebraic, concluding the proof. O

From the proof of the previous theorem, we also obtain the following interesting conse-
quence.

Corollary 5.3. Any semi-algebraic soliton which is isometric to an algebraic soliton, must
be an algebraic soliton itself.
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Proof. Algebraic solitons are Ricci flow diagonal, hence such semi-algebraic soliton must
also have that property. The proof of the above theorem shows that a semi-algebraic

soliton which is Ricci flow diagonal is necessarily an algebraic soliton. O
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