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On gradient Riemann solitons invariant by rotation
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Abstract. In this paper, we consider Riemann solitons that are conformal to a Euclidean space. Assuming
that the solutions of the presented system of partial differential equations are invariant under the action of
the orthogonal group, we provide all solutions for the gradient Riemann solitons. We show that a gradient
Riemann soliton (M, g) is both geodesically complete and rotationally symmetric if and only if g is the
canonical product metric on R x $"1. Furthermore, this soliton is shrinking.

1. Introduction and Main Results

Let (M, g) be a smooth manifold of dimension n > 3. We denote by G = % g @ g and Riem the Riemann
curvature tensor associated to the metric g and ® is Kulkarni-Nomizu product. We say that (M, g) is a

Riemann soliton, or supports a Riemann soliton structure, if there exists a smooth vector field V on M and
a smooth function A : M — R such that

2Riem + A(g® g) + (9 ® £vg) = 0. 1)

Here, £y denotes the Lie-derivative operator in the direction of the vector field V. If the vector field V is the

gradient of a potential function f, then we get the notion of gradient Riemann soliton. In this case, equation
(1) becomes

Riem + %)\(g ® g)+ (g® Hess f) =0, (2)

where Hess f denotes the Hessian of the smooth function f.

A Riemann soliton is called trivial when the potential vector field V vanishes identically; in this case,

the manifold has constant sectional curvature. As usual, the Riemann soliton is called steady for A = 0,
shrinking for A > 0 and expanding for A < 0.

Riemann solitons arise as self-similar solutions of the Riemann flow introduced by Udriste [12, 13]. The
Riemann flow is an evolution equation for metrics on a Riemannian manifold defined as follows

EG(t) = —2Riemg(t),
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where Riem, ) is the Riemann tensor of the metric g(t).

In [12], the author defines and explores the Riemann flow and establishes a connection to the Ricci flow,
showing that if M has dimension n = 2, then G is linked to det(g;;), while in dimension 1 > 3, G determines
the metric g. The Riemann flow induces a Ricci flow on the manifold M, but only in some particular
cases it is determined by the Ricci flow. Existence and uniqueness theorems, as well as the significance
of Riemann flows on constant curvature manifolds, are among the findings. In the compact case, a good
result proposed by Hiri¢a, Udriste and Petersen, proved that on a compact Riemannian manifold, Ricci
and Riemann solitons are gradient solitons (see, [6, 10]). We note that for the short existence of time, the
initial value problem associated with the Riemann flow has a unique solution (see, e.g., [5], and references
therein).

In a recent work proposed by Tokura et al. [3], the authors provided a complete classification of gradient
Riemann soliton whenever n > 4. In this case, they proved that every gradient Riemann solitons is locally
conformally flat. This result states that any gradient Riemann soliton has a null Weyl tensor W;; = 0.

Example 1.1. Let (M, g) be a Riemannian manifold of constant sectional curvature c € {—1,0,1}. Then (MZ, g) is
a trivial Riemann soliton for any constant function f on IM{ since Riem = 59 ® g.

Example 1.2. Let ((0,0) X §", g) be the Riemannian product manifold of (0, 0) and the round sphere §". By a
straight calculation, we deduce that ((0, o0) X §", g) is a gradient Riemann soliton with potential function

00X R, (p)—
where A € R.

Example 1.3. Consider the product manifold (0, 00) X §" equipped with the metric tensor given by
Jop (i @01, @ v2) =1 (hitr + 0102),

for every (r,p) € (0,00) X §" and t; ®v1,t, ®v2 € RO T,S" = T,y (0, 00) X §"). Then, by a straight calculation, we
have ((0, 00) X §", g) as a gradient Riemann soliton for

f:(0,0)x5" — R, (r,p)r— ln(rZ) + ;
Examples (1.2) and (1.3) are both locally conformally flat gradient Riemann solitons invariant by the left
action of
O(n,R) = {A € GL(n,R) : AA' = Id,},
on (0, 00) X 5", given by
O(1, R) X ((0,00) X §") — (0,00) X 5", (A, (r,p)) — (1, A - p).

The previous rotationally symmetric examples are particular instances of a characterization result es-
tablished by the present authors in [3].

Inspired by this examples, an interesting question arises: what is the classification of rotationally
symmetric gradient Riemann solitons? In this paper, we consider spaces that are conformal to the Euclidean
space and, under certain assumptions, give a complete description of rotational gradient Riemann solitons.

In the next result, we show that (IR” \{0},g =06/ goz), n >4, where @(r) = +Jr, is isometric to the standard

product R x §"~1.

Theorem 1.4. Let g be a geodesically complete, rotationally invariant metric on M = R" \ {0}, n > 4, where
gij = 6ij/@*. Then (M, g) supports a gradient Riemann soliton if and only if g is (the pullback via V of) the natural
product metric on R X S under the identificaction W : M = R" \ {0} — R x g1 given by

W(x) = (log [Ix]l, x/llxll). 3)

Furthermore, this soliton is shirinking.
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Let (R", go), where n > 3, be the standard Euclidean space with metric gy and coordinates (xy, ..., xy),
where (g0)ij = 0ij, 1 < i,j < n, and §;; is the Kronecker delta. Let r = Y xi2 be a basic invariant for an
(n — 1)~dimensional orthogonal group. Initially, we find a system of differential equations to be satisfied
by the functions f and ¢, such that the metric g = go/¢? satisfies the soliton equation (2) (see Theorem
1.5). Note that if the solutions are invariant under the action of the orthogonal group, the system of partial
differential equations given in Theorem 1.5 can be reduced to a system of ordinary differential equations
(see Corollary 1.6). In Lemma 2.2, we provide necessary conditions for the functions to be solutions of the
system of ODE in Corollary 1.6 . Finally, we obtain the necessary and sufficient conditions on f(r) and ¢(r)
for the existence of gradient Riemann solitons. In this case, all solutions are given explicitly.

In what follows, we will use the following convention for the derivatives of a functionu : Q CR" — R,
in a coordinate system (xi, ..., x;)

y ou d u Ju
=-— an = —
A O AT Oxiox

Theorem 1.5. Let (R",go), n > 4, be a Euclidean space with coordinates x = (x1,...,x,) and metric components
(90)ij = 6ij, 1 <1i,j < n. Let QO C IR" be an open subset and consider a smooth function f : Q C R" — R. Then,
there exists a metric g = (piz go for a smooth now here vanishing function ¢ : QO € R" — R such that (Q,g) is a
gradient Riemann soliton with f as a potential function if and only if the functions ¢ and f satisfy

Py T Pl + Puif + Quifr =0, 12, 4)

and for each i

1 ) A
@ [(P,xixi + (pf/xixi + 2(prxif,xi] - ;‘ [5 ((P,xk) + (Pq)/xkf,xk T n=2’ (5)

where A = @/\.

Assuming that the Riemann soliton allows rotation invariant solutions, the following result reduces the

system of partial differential equations (4) and (5) to a system of ordinary differential equations. Given that,
occasionally, the system solutions are undefined only for r = 0, we focus on the case of positive r. Thus, we
seek for smooth functions 1, ¢ : (0, +o0) — R, such that f = hor, @ = por: Q =r1(0,+o0) C R"\ {0} — R,
where 7: Q CR" \ {0} — (0, +00) is given by r(xy, ..., x,) = LiL; x7.
Corollary 1.6. Let (R",g0), n > 4, be a Euclidean space with coordinates x = (x1, ..., X,) and metric components
(90)ij = 6ij, 1 < i,j < n. Consider smooth functions ¢(r) and f(r) with r = Y,[_; x;. Then there exists a metric
g= # go for a smooth now here vanishing function @, with ¢, f : Q CR"\ {0} — R, such that (Q, g) is a gradient
Riemann soliton with f as a potential function if and only if the functions ¢ and f satisfy

" +of +20'f =0, (6)

and

A
0+ 9f) =1 (@) +209f) = 50 ?)

Next, we found all conformal metrics, invariant under the action of the orthogonal group, that are
gradient Riemann solitons.

Theorem 1.7. Let (R",g9), n > 4, be a Euclidean space with coordinates x = (x1, ..., x,) and metric components
(90)ij = 0ij, 1 < i, j < n. Consider smooth functions ¢(r) and f(r) such that r = Y.,}_, x7. Then there exists a metric

g= # go for a smooth now here vanishing function ¢, with ¢, f : Q CR"\ {0} — R, such that (Q, g) is a gradient
Riemannian soliton with f as a potential function if and only if the functions ¢ and f are given by
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p(r) = kr*,
_ (1-s) Arl-2s 1
f(r) - _(1_;:) lnr + 2(1,1_2)1]’(2(1_25)2 + kl, fOT’ S 7& 57

f(r)=klnr+ % +ki, for s= %,
where s, k € R and k; € R.

In the case n = 3, the equation (2) describes a Ricci almost solitons structure. In this case, not all Riemann
solitons are locally conformally flat. Explicit examples of pseudo-Riemannian steady gradient Ricci solitons
that are not locally conformally flat were constructed by Souza and Pina in [8]. Fernandez-L6pez and Garcia-
Rio [4], using the local decomposition of a Ricci soliton metric into a warped product metric, proved that
a locally conformally flat gradient Ricci soliton is rotationally symmetric. Therefore, when the three-
dimensional Riemann soliton manifold is locally conformally flat, all of the previous results follow.

2. Proof of the main results

Let us begin this section with an observation that will be fundamental in the proof of the main result
(Theorem 1.4). From point 2) of the Remark below and Theorem 1.7, we can see the metric (unique).

Remark 2.1. Here we will provide the formula for the scalar curvature for a conformal metric. Consider the metric
gij = (g(;# in Q C R" an open subset, where @ is a smooth now here vanishing function. We can write g/ = ¢*(go);j
for the inverse metric g;;. In these conditions, we have:

Ry=(1=1){20 ) @u =1 ) (@) | (®)
i=1 i=1

Let r = Y.,_y x?, consider @(r) a function of r. Since
P =20, P = 40" +2¢, @y = Axixjp” .
Substituting these expressions into (8), we have:
Ry=—-4(n—-1)(n - 2)k?s(s — 1)r*7L.
Corresponding to special values of the parameter s, we have the following classification:
1) Ifs =1, then the gradient Riemann soliton (Q, g, ¢) is flat.
2) Ifs = 3, then the gradient Riemann soliton (Q, g, @) is complete (see [11], for instance).

Proof. [Proof of Theorem 1.5] Let us remember the Ricci and scalar curvature for a conformal metric of the
formg = % (cf. [1], [7] or [9]):

. 1
Ricy = E{(n — 2)pHess, () + [pAg = (1 = DIVg, 0P 190}, )
and
Ry = (n = 1) (2049 — nlVg,pl?). (10)
Taking the trace in (2), we obtain
. _|[(n=2) R
Ricy + (n — 2)Hess, f = [ > A+ 20=1) g. (11)
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Writing A= @/\ and substituting (9) and (10) into (11), we have
1

o {(n — 2)pHess g, ()i + [pAg, @ — (1 = 1)V, 1(g0)ij} + (1 — 2)Hessz(f)sj (12)
-1 -1
= [%(wa = V) + A] o2 0

Now, recall that:
n
Hessg(f)ij = ﬁXin - Z Fi'(]'f;)(k/
k=1
where I_‘ifj are the Christoffel symbols of the metric g. For a distinct i, j, k, we have

=0 Ii= _by A (A
@ @ %

therefore,

(P,x,-f,xi (P,Xff,x/
+

% %

Hessg(f)ij = f/xixj + , 1# ] (13)

Similarly, by considering i = j, we have

2 Xi ), xi . Xk J X
Hessg(f)ii — _f,xixi + qo, z.f/ i Z (P/ kf: k . (14)
(P k=1 (P
However, we note that
) n 3({) 2 n
|Vgo(p| = kZ; a_x'k ’ Agg(P = ; (P,kak/ Hessgo((P)ij = qD,X,‘Xj' (15)

If i # jin (12), we obtain

Hessq @i Hess, (f);; = 0. (16)

Substituting the expressions found in (13), and (15) into (16), we obtain
O, + Qv + Quifry + P fr =0, 1% ).
Similarly, if i = j in (12), we have
(n = 2)pHess, (p)i + PAg,@ = (1 = 1)V, * + (n = 2)p* Hess ()i (17)
= Mg = SVl + X,
Inserting the expressions found in (14), and (15) into (17), we obtain

- (1 A
% (gorxixi + (pf,xixi + 2(P,Xif,xi) - Z (E (goka)z + (P(P,Xkﬁxk) = (n-2) :
k=1

This concludes the proof of Theorem 1.5. [
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Proof. [Proof of corollary 1.6] Let g = ¢p~2go be a conformal metric of gy. We are assuming that ¢(r) and f(r)

are functions of r, where r = }/_; x?. Hence, we have

P =260, P = AGQ7+20, P = dxixi”,
and
f,Xi = infll f,xix‘ = 4xi2f” + Zfll f,xin = 4xixjf/,'
Substituting these expressions into (4), we obtain
dxixjp” +dxixjpf” + (2xi").(2x; f') + 2xj¢").2xif") = 0,
which is equivalent to
4(¢" +of" +2¢"f')xix; = 0.
Since x;x; # 0 in an open subset (2 C R" \ {0}, whenever i # j, we have
¢/I+fllq)+2¢lf/=0.
Similarly, considering the equation (5), we obtain
4o (¢ +@f" +2¢'f')x} + 20 (¢ + of') + 2n(1 = 2(n = 1)p)pg’

- ; (222 ()" + 49 f) = — f -

Note that ¢” + ¢ f” +2¢'f = 0and r = Y;_; x7. Therefore, we obtain

1
(@ +of ) =10 + 200 ) = 505

This concludes the proof of Corollary 1.6. [

The following lemma is the key to proving of Theorem 1.7.

Lemma 2.2. Consider smooth functions ¢(r) and f(r) such that r = Y,_, x7. If @(r) and f(r) satisfy (6) and (7),

then @(r) satisfies the following ordinary differential equation:
rpp” =1(@) - pg’
Proof. Differentiating both sides of the equation (7), we obtain
O @ +of )+ + @ f +of )= (@) +209'f)
—r(20'0" +2(¢') f + 200" f + 209/ f") = 0.
This is equivalent to
(Pgo’/ + qDz'f_‘// _ Zr(P/(PII _ Zr((pl)zf/ _ 2rq0(Pl/f/ _ zrqD(P’f,/ - O‘
By the first equation in Corollary 1.6, we obtain
¢f’/ - _(q)l/ +2¢/f/).
Substituting (19) into (18), we obtain

2(pg’ +7 (') + rpg” —2r(¢')) f = 0.
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Since f” # 0, we have that

V(P(P” — r((Pl)Z _ (P(P/

This concludes the proof of Lemma 2.2.

O

This result deals with a necessary condition satisfied by the conformal factor ¢ in order that (Q, g, ¢),
Q C R, be a solutions for the system (6) and (7) with g = go/¢>.

Proof. [Proof of Theorem 1.7] We know by Lemma 2.2, that the conformal factor necessarily satisfies the
equation

rpg” = (@) — g’

Dividing the above equation by r¢?, we can verify that

(2’)’ __l¢
P re
Writing y = %, we obtain
Y= srl.
Therefore
Q(r) = kr*, (20)

where s and k € R \ {0}.
Since ¢ and f satisfy equation (7), by substituting (20) into (7), we obtain

A
51-apS5—1 25 ¢ _ 122,252 s=1 ¢ _
kr'ksr ™t + IR f - rkPsPr 2rkr’ksr™ f -2
which is equivalent to,
K1=25)r*f +ks(1-s)r* ! = L (21)
2n—2)°
Ifs # %, then
s (1=s9)s A
PO =02 Va2l =2
Consequently,
(1-5s)s Arl=2
== k. 22
=™t s ra s R (22)

Reciprocally, the function ¢(r) and f(r) given in (20) and (22) satisfy (6) and (7). We notice that
e(r)y=kr', @' () =ksr*',  @"(r) = ks(s — 1)r* 2
and

iy = (1=9)s A yon . (1=8)s sA
fin= (1-2s)r - 2(n — 2)k2(1 — 25)r>’ fn= (1-=25)12 (1 —2)k2(1 — 25)r2+1"
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In this case

’” " g _ -2 s (1 - S)S _ SZ
Q" +of" +2¢"f =ks(s = 1)r'= +kr ((1 “72 -2k —25)r25+1)
s—1(_ (1-ys)s A
kst ( =25 " 20— 2)(1 = 25)1’25)
equivalently,
’” 7 7o _ -2 (1 - S)Sk _ Skz
O pf 29 f = ksls = P TS T o — 2
2(1 - 5)s%k skA

T =257 " (n=2)k2(1 =25y

Therefore,

¢/I+(Pfll+2(plflzo

By other hand, the equation (7) is trivially satisfied.

Ifs = %, we have A = @, and (7) is satisfied for all f. Substituting (20) in (6), we obtain f(r) =
kInr+ % +k;, where kand k; € R.
This concludes the proof of Theorem 1.7.

O

Proof. [Proof of Theorem 1.4]
We split the proof into three casess > 1, s = 1 and s < 1.

Case1: If s > %, consider a divergent curve a(t) = (t,0,...,0). Note that a’(t) = (1,0, ...,0), ¢ (a(t)) = +** and

ga'@),a'(t) = t% Consequently,

t t
. o 1
l(@) = lim f2 o ()t = lim fZ et

Therefore,

1-2s

> )+k:k,

— S

. t
where k is a constant (finite). Therefore (R" \ {0}, ) is not complete.

Case2: Ifs< %, we obtain

2 t
. . 1
(@) = lim j; o/ (B)dt = lim fz it

Therefore,

) tl—ZS
Ha) = }E})(l —Zs)+k= k

where k is a finite constant. Therefore (R" \ {0}, g) is not complete.



Case 3

O

I. Menezes, E. D. Batista / Filomat 39:16 (2025), 5543-5551 5551

Ifs = % the authors in [2] showed that (]R3 \ {0},9 = %go) is isometric to R x $2. Similarly, the
diffeomorphism

W M=R"\{0} > RxS"!, W(x) = (loglx|l,x/lx]l),

transforms M into to an open subset of R x §"~!, which is geodesically complete. Since (M, g) is
geodesically complete, M must be connected. Hence W(M) = I x S"! for some open interval I.
Up to a (rotationally symmetric) reparametrization, we can assume that W(M) = R x $""! and then
M = R"\ {0}. The (unique) metric can be read off from Theorem 1.7 and remark above point 2). We
see that the metric on R” \ {0} is the one with conformal factor 1/7, up to a constant. In spherical
coordinates, this gives

g = (dlogr)* + gg1,

where gg1 is the round metric on the unit sphere. With reparametrization ¢t = logr, the metric on
R x 5" becomes the natural product metric. Furthermore, by expression (7), we obtain

Q@ +of ) =r((9) +200'f) = ﬁ

Note that ¢(r) = kr?, therefore

(n-2)k? S

A= >

0.

Since n > 4, the proof is complete.
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