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Abstract: In this paper, we investigate the geometrical axioms of Riemannian submersions in the
context of the #7-Ricci-Yamabe soliton (17-RY soliton) with a potential field. We give the categorization
of each fiber of Riemannian submersion as an #7-RY soliton, an 77-Ricci soliton, and an #-Yamabe soliton.
Additionally, we consider the many circumstances under which a target manifold of Riemannian
submersion is an 77-RY soliton, an #-Ricci soliton, an 77-Yamabe soliton, or a quasi-Yamabe soliton.
We deduce a Poisson equation on a Riemannian submersion in a specific scenario if the potential
vector field w of the soliton is of gradient type =:grad(vy) and provide some examples of an 7-RY
soliton, which illustrates our finding. Finally, we explore a number theoretic approach to Riemannian
submersion with totally geodesic fibers.
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1. Introduction

Since Riemannian geometry’s inception, the idea of Riemannian immersion has been
the subject of extensive study. In fact, the Riemannian manifolds that were initially intended
to be examined were surfaces embedded in R3 [1].

Initially, Gray and O’Neill were the first to discuss the “dual” concept of Riemannian
submersion and investigated it further. Because of their applications in supergravity,
the theory of relativity, and other physical theories, Riemannian submersions have received
considerable attention in both mathematics and theoretical physics (see [2-7]). Studies on
Riemannian submersion are reported in [8-12].

A soliton, which is related to the geometrical flow of Riemannian (semi-Riemannian)
geometry, is a significant symmetry.

However, the theory of geometric flows has emerged as one of the most important
geometrical theories for illuminating Riemannian geometric structures. The study of
singularities of the flows involves a certain section of solutions when the metric evolves via
dilations and diffeomorphisms because they appear as potential singularity models. They
are frequently referred to as solitons.

In 1988, Hamilton [13] presented the ideas of Ricci flow and Yamabe flow for the first
time. The limit of the solutions for the Ricci flow and the Yamabe flow, respectively, is
shown to be the soliton of Ricci and the soliton of Yamabe. Geometric flow theory, including
the Ricci flow and Yamabe flow, has drawn the attention of many mathematicians over the
past two decades.

Under the term Ricci-Yamabe map, geometers [14] initiated research concerning a
novel geometric flow that is a generalization of the Ricci and Yamabe flows. Ricci-Yamabe
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flow of the type (o, p) is another name for this. The metrics on the Riemannian manifold
defined by Guler and Crasmareanu evolve into the Ricci-Yamabe flow [14].

%%gg) = —os() - ER(Dg(t), g0 = g(0). )

An interpolation of solitons between the Ricci and Yamabe soliton is considered in the Ricci-
Bourguignon soliton corresponding to Ricci-Bourguignon flow but it depends on a single
scalar. Ricci—Yamabe flow can either be a Riemannian flow, a semi-Riemannian flow, or a
singular Riemannian flow, depending on the sign of the associated scalars o and p. Such a
range of options may be beneficial in various geometrical or physical models, such as the
general theory of relativity.

Consequently, the Ricci-Yamabe soliton inevitably appears as the limit of the soliton
of the Ricci-Yamabe flow. Ricci-Yamabe solitons are solitons to the Ricci-Yamabe flow that
move only by one parameter group of diffeomorphism and scaling. Specifically, a Ricci—
Yamabe soliton on the Riemannian manifold, (M, g), is a data (g, w, 7,0, p) satisfying

1 LYo —
Eﬁwg—l—(TS—I—(T—ER)g—O, 2)

where the Ricci tensor is S, the scalar curvature is R, and the Lie-derivative along the
vector field w is £,. The manifold (M, g, w, T,v) is referred to as a Ricci-Yamabe shrinker,
expander, or stable soliton depending on the constant T, whether T < 0,7 > 0or T = 0.

As an extension of Ricci and Yamabe solitons, Equation (2) is referred to as a Ricci—
Yamabe soliton of kind (o, p). We see that the Ricci—Yamabe solitons of kind (¢,0) and
(0, p) are, respectively, the o-Ricci solitons and the p-Yamabe solitons.

The idea of an y-Ricci soliton described in [15], is an evolutionary abstraction of
the Ricci soliton. As a result, we can define the new concept similarly by amending the
expression (2) that explains the type of soliton by a multiple of a specific (0, 2)-tensor field
7 ® 1. These findings result in a significantly more comprehensive concept, termed an
n-Ricci-Yamabe soliton (briefly an #-RY soliton) of kind (¢, p) defined as:

P
T3
where v is a constant. Let us reiterate that #-RY solitons of kinds (c,0) or (1,0), (0,p),
or (0,1)-type are an #-Ricci soliton and an 77-Yamabe soliton, respectively. For more infor-
mation about these specific cases, see [16-22].

According to [23], if T in (3) is replaced with the soliton function, then we may
claim that the manifold (M, g) is an almost #-RY soliton [24]. It is important to note that
they originate from the Ricci-Bourguignon flow and conformal Ricci flow, which Cantino,
Mazzieri and Siddiqi recently examined [25-28]. We refer to (3) as the core equation of an
approximately #-RY soliton in this more extended context.

In [22], the authors proved that the total manifold of a Riemannian submersion admits
a Ricci soliton. In fact, the #-Ricci—Yamabe soliton is a generalization of the -Ricci soliton
from the proceedings of the #-Yamabe soliton, Yamabe soliton, and Einstein soliton. There-
fore, motivated by the previous studies, in this paper, we discuss Riemannian submersions
in terms of an #-Ricci—Yamabe soliton.

1
Eﬁwg+¢75+( R)g+v11®17=0, 3)

Example 1. Let us look at the instance of an Einstein soliton, which produces solutions to Einstein
flow that are self-similar (for more details see [26]), so that

%g(t) =-2 <S — lgg)

As a result, an Einstein soliton appears as the limit of the Einstein flow solution, such that

R
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When comparing Equations (3) and (4) in this situation, we find that c = 1 and p = 1, or its
type (1,1), are RY solitons.
Moreover, we note a useful definition:

Definition 1. A smooth vector field { on a Riemannian manifold (N, g) is said to be a conformal
vector field if there exists a smooth function ¢ on N that satisfies [29]

L:8g =298, @)
where Lg is the Lie derivative of { with respect to g. If ¢ = 0, then { is called a Killing vector field.

2. Riemannian Submersions

We present the additional context for Riemannian submersions (briefly RS) in this part.
Let (M, ¢) and (B™, g5) be two Riemannian manifolds (briefly RS), endowed with
metrics ¢ and g, wherein dim(A') > dim(B).
A surjective mapping 7t : (N, g) — (B, gs) is called a Riemannian submersion [30] if:
(A1)
dim(B) = Rank(7).

In this instance, 7~ !(s) = ;! is a submanifold N (dim(N) = t) and is referred to as a
fiber for all s € B, wherein
dim(N) — t = dim(B).

If a vector field on N is always tangent (resp. orthogonal) to fibers, it is said to be vertical
(resp. horizontal). If a vector field P on N is horizontal and 7-related to a vector field P, on
B, then 7, (P,) = E.(p) is the basis for all s € N and E € B, wherein 7, is the differential
map of 7.

The projections on the vertical distribution Kerrr, and the horizontal distribution
Kerm;- will be indicated by the symbols V (briefly vdV) and H (briefly hdH), respectively.

The manifold (N, g) is regarded as the total manifold, and the manifold (B, gs) is
regarded as the base manifold, as is customary.
(A2) The size of the horizontal vectors are preserved by 7.

These requirements are similar to claiming that the differential map of 7., restricted
to Kermy, is a linear isometry. We obtain the following information if P and Q are the
fundamental vector fields, connected to Pz and Qp by 7

L g(PQ)=gs(PsQp)omn,
2. h[P,Q] is the basic vector field 7t-connected to [Pz, Qg],
3. h(VpQ) is the basic vector field 7r-connected to V5 P Q5-

In the case of each vertical vector field {V, [I,]]} is vertical.
O'Neill’s tensors T and A, which are described below:

Ti] = VVyiH] + HVy1V], (6)

A = VVylIH] + HV 1 V] )

if any vector fields I and J exist on \V, where V denotes the Levi—Civita connection of g.
The skew-symmetric operators on the tangent bundle of A that project the vdV and the
hdH are evidently 7y and Aj.

If G, K are vertical vector fields on A and P, Q are horizontal vector fields, then we obtain

TcK = TxG, ®)

1
ApQ = —AgP = 5 V[P, Q. ©)
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Alternatively, we discover from (6) and (7)

VcK = TeK + VK, (10)
VP = TGP + HVGP, (11)
VpG = ApG + VV5pG, (12)
VpQ = HVpQ + ApQ, (13)

wherein VK = VVK. Additionally, we have
HVgP = ApG

where P is basic. It is not hard to see that A acts on the hdH and estimates of the resistance
to the integrability of this distribution while 7 operates on the fibers as the second basic
form. We refer to the book [8] as well as the paper by O’Neill [30] for more information
about the RS.

3. Characteristics of Curvatures on Riemannian Submersions

The following useful Riemannian submersion (RS) curvature properties are covered
in this section:

Proposition 1. For an RS 7, the Riemannian curvatures of the total manifold, the base manifold,
and each fiber of 7t denoted by RT, RB and R, respectively, then we have

RY(L],G,H) = R(L],G,H) + ¢(TjH, TiG) — ¢(TiH, T;G), (14)
RT(P,QR,L) = R5(P3,Qg,Rp,Lg) o m+28(ApQ, ARL) (15)

—g(AQR, ApL) + g(ApR, AgL).
forany1,J,G,H € TV(N) and P,Q,R,L € TH(N).

Proposition 2. For an RS 7, Ricci curvatures of (N, g), (B,gg) and any fiber of 1 are denoted
by S, SN and S, respectively. Then, we have

S(L1) = S01) +g(NT) — L g(Ve T)LD,P) —g(AnLApJ) (16

i=1

S(P,Q) = S%(P5,Q%) o — %{g(VpN,Q) +8(VqoN,P)}, (17)

+2) " g(ApPi, AqPi) + ) &(Tp, P Tp,Q),
i=1 j=1
S(LP) = —g(ViN,P) + }_g((Vy,T)(I;, E),P) (18)
j

n

=Y {8((Vp,A)(P;, P),1) 4+ 28(Ap,P, TiP;) }

i=1
where {1;} and {P;} are the orthonormal basis of vdV and hdH, respectively, and LLE € TV(N),
P,Q € TH(N).

Using (16) and (17), we derive the following;:
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Proposition 3. In an RS v, the vertical scalar curvature Ry and the horizontal scalar curvature
Ry are provided as

Ry = Zi;lS(Ik/ Ik) = 2;:1§(Ikrlk) +g(N/ ,Eka)

d((Ve, T) (I, 1), Pi) — g(ApIx, Ap, Ix), (19)

'M:

i=1

1
Ry = Zs P, P;) = 2{55 (PE,PP)om— E{g(VPiN,Pi)+g(VPiN,Pi)},

i=1

n r

+2 Y g(ApP;, AqP:) + Y g(Tp, P, T5,Q). (20)

i=1 j=1
Now, Equations (19) and (20) entail that

Ry = R+ ||N|* = div(N) — || 4], (21)

Ry = (RBom) + | T +2|A|* — div(N), (22)
Adopting (21) and (22), we turn up the scalar curvature R of the base manifold (5, g3)

R =R+ (REom) + |N|I* + [|A|* + | T||* — 2div(N). (23)

In addition, the mean curvature vector field H for every fiber of RS is given by rH = N,
where N is a horizontal vector field, such that

T
N=Y) Tl (24)
j=1

Additionally, any fiber 7r dimension is indicated by the prefix 7, and the orthonormal basis
for vdV is {Eq,Ep, - - - ,E,}. We emphasize that all fibers of RS must be minimal, if, and
only if, the horizontal vector field N vanishes. From (24), we obtain

.
§(VzN,P) =Y ¢((VZT)(1;,1;),P) (25)
=1
forany Z € I(TN) and P € TH(N).
Any horizontal vector field P divergence on 'H(N'), and denoted by div(P), is deter-
mined by
n
div(P) = ) ¢(Vp,PP;) (26)
i=1

where the orthonormal basis of the horizontal space I'H (N ) is {P1,Py,---,Py}. Thus,
taking into account (26), we have

div(N) = Y Y- &(V, T)(1; 1), Pi). @)

i=1j=1

4. n-Ricci-Yamabe Solitons in Riemannian Submersions

This section discusses the 7-RY soliton of kind- (¢, p) on RS 7t : (N, g) — (B, g5)
from Riemannian manifolds and the characteristics of fiber of such RS with target manifold
(B, ¢p). Throughout the study, RS stands for a Riemannian submersion between Rieman-
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nian manifolds. We discover the following conclusions as a result of Equations (10) to (13)
in the case of an RS:

Theorem 1. If 1 : (N, g) — (B, gp) is an RS. Then, the

1. vdV is parallel with respect to the connection V, if the horizontal components Ti] and Apl are
eliminated, identically.

2. hdH is parallel with respect to the connection V, if the vertical components TiP and ApQ are
eliminated, identically,

forany P,Q e TH(N) and1,] € TV(N).

Since (N, g) is an 51-RY soliton, then, by (3), we find
20S(L]) + (2t = pR)(L]) +2vn (D7 (J) + (Lg)(L]) =0 (28)
foreach LI € TV(N). Adopting (16), we have

205(L]) + 8(N, TiJ) + {g(Viw,]) + 8(Vjw,1) } (29)

n

- ¢((Ve,T)(LF),P;) —g(ApL Ap, J) + (2T — pR)g(I, J) 4+ 207(1)(]) = 0
i=

wherein V is a Levi-Civita connection on N and {P;} denotes an orthonormal basis of the
hdH. The following equation is then obtained by using Theorem 1, the Equations (7) and (10),

208(L) + [d(Viw,]) + §(Viw, 1)) (30)

+(7 = pR[v)$§(L]) +2vn (D (1) =0,
forevery I,] € TV(N). Using (21), we find

208(LY) + [§(View,]) + &(Vyew, 1) (31)
+(27 = pR + ||N||* — || A|]* — div(N))&(L]) + 2vq (D (J) = 0.
Defining R = R + ||N||* — ||.A||* — div(N), then, the Equation (31) follows;
205(L]) + (2T = pR)§(LT) + [§(Viw,]) + §(Vyw, D] +2v (D5 (J) = 0. (32)

Let us mention here the “vertical potential vector field” (in brief VPV F) and the “horizontal
potential vector field” (HPVF). Hence, we generate the following results:

Theorem 2. Let (N, g, w,T,v,0,p) be an 5-RY soliton of kind-(c, p) witha VPVF w and 7t be
an RS from the Riemannian manifolds. If the vdV is parallel, then every fiber in an RS is an n-RY
soliton.

Remark 1. Now, forc = 1,0 = 0and v # 0, then, from (30), we find
25(L)) + [§(Viw,]) + §(Viw, )] +274(L]) + 2vi () (J) = 0. (33)
Therefore, one can obtain the following

Theorem 3. Let (N, g, w, T, v, ) be an 5j-Ricci soliton of kind-(1,0) with VPVF w and 7t be a
RS. If the vdV is parallel, then every fiber in an RS is an y-Ricci soliton.

Remark 2. Next, setting o = 0,0 = 1and v # 0, so (30) entails that

[8(Viw,]) + §(Viw,])] + (2T = R)Z(L]) +2vn () (J) = 0, (34)
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Therefore, one can obtain the following outcome:

Theorem 4. Let (N, g, w, T, v,p) be an y-RY soliton of kind-(0,1) with a VPVF w and 7t be a
RS. If the vdV is parallel, then every fiber in an RS is a 7-Yamabe soliton.

So, if the total space (N, g) of RS 7t : (N, g) — (B,gp) admits, an #-RY soliton of
kind-(c, p), now, in view of (3) and (16), we obtain

{8(Viw,]) +g(Vyw, 1) } +205(L]) + ) g(TyL;, TiJ) (35)
j=1

7 d((Ve, T)(LD),P;) = g(ApL ApJ) + (27 — pR)A(L]) +2vn (D5 (]) = 0

i=1

whereI,] € TV(N). In addition, an #-RY soliton (N, g, w, T, v) of kind- (¢, p) admits totally
umbilical fibers and adopting (10) in (35), we obtain

{8(Viw,G) +¢(Vew, D)} +205(L,G) + ) 8(Ti 1;, TiG) (36)
j=1

n

- ;{(VP,-S) (LG)g(K P;) — g(Vp K P1)E(LG)}

n

— ) 8(ApL Ap,G) + (27 — pR[1)&(L, G) + 2v ()1 (G) = 0.
i=1

Since with integrable hdH, we derive,

(£0§)(1,G) +205(L,G) — Y g(Vp,K, P)S(LG) (37)
i=1

+7|W*4(LG) + (2T — pR)E(L,G) +2vy(I)5(G) = 0
wherein K is the mean curvature vector of any fiber of 7r. By (26), we derive
(L0$)(LG) +205(1,G) + 27 — p(R — div(N) + r|N|*]¢(L, G) + 2vn(1)5(G) = 0. (38)

We observe, that every fiber for v is an almost #-RY soliton. As a result, one can state the
following outcome:

Theorem 5. If (N, g, w, T,v,0,p) be an y-RY soliton of kind-(c, p) with a VPF w and 7t be an

RS with totally umbilical fibers and the hdH is integrable, then every fiber in an RS is an almost
n-RY soliton.

Furthermore, the following results are obtained:
Theorem 6. If (N, g, w, T,v,0,p) is an 5-RY soliton of kind-(1,0) with a VPF, w and 7t are an
RS with totally umbilical fibers, and the hdH is integrable, then every fiber in a RS is an almost
-Ricci soliton.
Proof. Fixo =1,p =0, v # 0 and from (38) we derive the required outcomes. [
Theorem 7. If (N, g, w,T,v,0,p) is an 5-RY soliton of kind-(0,1) with a VPF w and 7 is an
RS with totally umbilical fibers and the hdH is integrable, then every fiber in an RS is an almost

n-quasi Yamabe soliton.

Proof. Putting o = 0,0 = 1, v # 0 and using (38), we gain the following: [
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Assuming once more the Theorem 5, we arrive at the following corollaries:

Corollary 1. If (N, g, w, T,v,0,p) is an 5-RY soliton of kind-(c, p) and 7t is an RS, and the hd H
is integrable, and if every fiber of 7 is totally umbilical and admits constant mean curvature, then
any fiber in RS is an almost y-RY soliton,

Corollary 2. If (N, g, w,T,v,0,p) is an 5-RY soliton of kind-(c, p) and 7t is an RS, such that
the hdH is integrable, and if every fiber of 7 is totally geodesic, then any fiber of an RS is an almost
7-RY soliton,

Remark 3. In light of Corollaries 1 and 2, we can derive identical results for an almost n-Ricci
soliton and an almost y-quasi Yamabe soliton.

Next, we obtain the following:

Theorem 8. If (N, g,Z,t,v,0,p) is an 5-RY soliton of kind-(c, p) witha VPF Z € T(TM) and
1t is an RS and the hdH is parallel, then the following holds:

1. (B,gp) isan y-Einstein if Z isa VVF,
2. (B, gp) is an y-RY soliton with VPF Zg if U is HVF, such that m.Z = Zp.

Proof. As far as (N, g), the total space of RS 7t admits an #-RY soliton of kind- (¢, p) with
a VPF Z € T(TN); then, utilizing (3) and (17), we gain

[g(VpU,Q) +g(VU,P)] +20S5(Pg, Qp) o m— (d(VpN, Q) +d(VgN, P)) (39)
+2" d(ApP;, AQP) + Y g(Ti P, TiQ) + (27 — pR)g(P,Q) +2v5 (P)5(Q) = 0
i=1 =1

wherein Py and Qg are 7r-connected to P and Q, respectively, for any P,Q € TH(N).
Utilizing Theorems (1) to (39), we derive

[8(VrZ,Q) +8(VQZ,P)] +2055(P5,Qp) o 7 (40)
+(21 = pR)g(P,Q) + 2v (P)5(Q) = 0.
1. If Zisa VVF, from (12), it follows
[8(ApZ,Q) +8(AQZ,P)| +20S3(Pp,Qp) o 7t (41)
+(2T = pRly)g(P,Q) + 2v7(P)5(Q) = 0.
Since H is parallel, we obtain
Sg(Pp,Qp) o m = ag(P,Q) + by (P)n(Q) = 0. (42)
This proves that (5, gg) is an 17-Einstein, wherein a = — (7 — @) and b = —v.
2. If Z is a horizontal vector field, from (40), we obtain
(£28)(P,Q) +2055(P5,Qp) o 7w + (2T — pRu)g (P, Q) +2vy(P)5(Q) = 0. (43)

Itis observed that the total space (5, gg) is an #-RY soliton with the PV F Eg lying horizontally.
O

Now, from (43) and assuming that the vector field Z is horizontal, we can state the
following:
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Theorem 9. Let (N, g,Z,t,v,p) be an n-RY soliton of kind-(0, p), which admits the PVF Z €
[(TN), and 7t be an RS. If the hdH is parallel and the vector field Z is horizontal, then (B, gg) is
an 1-quasi-Yamabe soliton with HPV'F Ppg, such that

(£28)(P,Q) + (27 — P{(RN o) + | T]* + 2] AJ* - diV(N)})g(RQ) +2vy(P)7(Q) = 0. (44)

Once more combining Theorem (1) and (17), we arrive at the following result:

Lemmal. If (N,g,,T,v,0,p) is an -RY soliton on RS 7t that admits HPVF {, such that H is
parallel, then the vector field N on hdH is Killing.

Since (N, g,Z,7,v) is an 5-RY soliton of kind-(c, p), and again using (17) in (3), we
find that

(£:8)(P,Q) + 2085 (P, Qg) o m — {g(VpN, Q) +g(VoN, P)} (45)
+2} 8 (ApPi, AQP:) +}_8(Tz,P, T2/Q) + (27 — pR|n)8(P,Q) + 2v3(P)y(Q) = 0.
i j

For any P,Q € TH(N'), where {P;} denotes an orthonormal basis of H. Equation (45) is
derived from Theorem 1 as follows:

(L;d)(P, Q) +20S8(Pg, Qp) o m+ (2T — pR|y)d(P, Q) +2vn(P)y(Q) =0.  (46)

We may determine that  is a conformal Killing vector field (CKVF) because the Riemannian
manifold (B,d ) is an #-Einstein. As a result, we can state the following outcome:

Theorem 10. Let (B,d,{,T,v,0,p) be an n-RY soliton of kind (o, p) on RS to an n-Einstein
which admits HPVF , such that hdH is parallel. Then, the vector field  on hdH is CKVF.

5. Examples

Example 2. Let N© = {(61,0,,03,04,05,06) |05 # O} be a 6-dimensional differentiable manifold
where (0;) signifies the standard coordinates of a point in R®, andi=1,2,3,4,5,6.

Let
01 =00, 0 =00, J3 =003,

64 =090y, 05 =0905, ¢ = dbg

be the basis for the tangent space T(A\/®) since it consists of a set of linearly independent
vector fields at each point of the manifold A/®. A definite positive metric d on NV® is defined
as follows: with i,j = 1,2,3,4,5,6, and it is defined as

6
d=Y dx6; ©do;.
ij=1

Let 7y be a 1-form such that (U) = d(U, P) where (5& = P. Thus, (NV®,d) is a Riemannian
manifold. In addition, V is the Levi-Civita connection with respect to d. Then, we have

[(511 52] - 0/ [51/ 56] = 51/ [52/ 56] = 52/ [(53/ 56] = 53/

[01,06] = 04, [05,06] =06, [01,0;] =0,
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where1 <i#j<5.
The induced connection V for the metric ¢ is described as

28(Vuvw) = Ug(V, W) + Vg(W,U) — Wg(U, V)
—8(U, [VW]) —g(V, [U,W]) + ¢(W, [U, V]),

where the metric g corresponds to the Levi-Civita connection denoted by the symbol V.
The following equations are obtained by combining Koszul’s formula with (10).

V.01 = 06, Ve, 00 = 86, V5,03 = 06, V,00 = 66, V5505 = 06 (47)

V06 =0, 85,6 =0, V506 =0;, 1 <i<5

wherein 1 <1i,j <5, we have %isi =0.
The non-vanishing components of R, S, and R of the fiber may now be computed
from Equations (14) and (47).

R(01,02)01 = 6, R(61,02)00 = =61, R(61,83)61 = —65,R(61,03)05 =61 (48)

R(61,64)81 = =64, R(81,64)64 =61, R(61,005)61 = —05,R(61,05)85 = 6,
R(61,06)01 = —06, R(61,06)06 = —61, R(62,63)62 = —83,R(62,63)83 = &2
R(62,04)00 = 84, R(82,64)04 = =63, R(62,05)07 = 85, R(8,85)05 = —66,
R(62,66)02 = 86, R(02,86)06 = —02, R(83,64)03 = 64, R(3,64)05 = b5
R(83,65)05 = =63, R(63,06)03 = =06, R(33,06)83 = —06,R(53,06)06 = —03
R(84,05)04 = 65, R(64,05)05 = —b64, R(84,06)64 = —0,

R(04,06)06 = —04, R(5,06)05 = —66, R(5,86)06 = —05.

3 0 0 0 0 0
0 -3 0 0 0 0
. 0 0 -3 0 0 0
SGi%)=19 o 0 -3 0 o0
0 0 0 0 -3 0
0 0 0 0 0 -5

R = Trace($) = —20. (49)

From Equation (16), we have
1., = P A 1 .., ,
E[g(v(si(%, (Si) —|—g(V5i56, (Sl)] + U'S((SZ‘, (Si) + (’L' — EpR)g((si, 51') —|—21/Q;» =0 (50)

wherein, for alli € {1,2,3,4,5,6}. Thus, T = 10p — 30 — 1 and v = 230 — 30p — 1, and
the data (¢, 6, T, v, 0, p) is an #-RY soliton, verified by Equation (16). Therefore, the data
(w,d, T,v,0,p) admits increasing, decreasing and stable 7-RY solitons referring to (3¢ 4 1) >
10p, (3x +1) < 10p or (30 + 1) = 10p, respectively

The two basic instances for a specific value of ¢ and p are as follows:
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Case 1. For an #-Ricci—Yamabe soliton of type (c,p), if 0 =1,p =0, we gain T = —4
and v = 22. Then, we say (zf, d6,7,v,1,0) is an y-Ricci soliton which is shrinking. This case
illustrates Theorem 3.

Case 2. For an #-RY soliton of kind (¢, p) if c = 0,p = 0, we derive T = 9 and v = —31;
then, we have the data (¢, d, 7, v,0,1) is an 17-Yamabe soliton is expanding. This illustrates
Theorem 4.

Example 3. Let 7t : R® — R3 be a submersion defined by

7t(x1, X2, ...%6) = (Y1,Y2,Y3),

where n i L
X1 X2 X3 T X4 X5 T X¢
Yo = and yz3 =

y1:ﬁ, NA 7

The Jacobi matrix of 7t has rank 3 at that point. This indicates that 7t is a submersion.
Simple calculations produce

(Kermy) = Span{V = \1@(—ax1 +0x), Vo = \2(—89(3 +0xy),
vy = \1@(8x5 +axg)),
and
(Kerm,)* = Span{H; = L(axl +0x2), Hy = L(E)x3 + dxy),
V2 2
Hy = —— (x5 + 9x5) },

S

2

Also, direct computation yields
11 (H1) = oy, m«(Hy) = 9y, and 7. (H3z) = dys.
It is easy to observe that
8w (Hi, Hi) = gga (70 (H;), 7t (Hy)), i =1,2,3
Hence, ¢ is a RS.

Next, we estimate the components of R, § and R for Kerrt, and Kerr , respectively.
For the vertical space, we gain

R(V;, )Vy = =2V, R(Vy,Va)Va=2V;, R(Vy,V3)Vy = —2V; (51)

RV, W)V3=Vy, R(Vo,V3)V5=V5, R(Vs,V3)Va = Va.

|

R = Trace(S) = 5. (52)

S O N
[«

0
SV, V) = { 2
0

Using (3), we find T = 57p — o and v = a. Therefore, (Kery,,g) admits the increasing,
decreasing and stable 77-RY solitons referring to 57p <0, %p > 0 or 57p = 0, respectively.
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Moreover, we also have the following cases for particular values of « and f, such as:
Case1. Inan#-RY soliton of type (0, p) foroc =1,0 =0, we find T = —2 and v = 1, then
(Kery,, d) admitting a shrinking #-Ricci soliton.

Case 2. Inan #-RY soliton of type (¢, T) forc = 0,0 =1, we find 7 = % and v = 0; then,
we have (Kerm,, g) admitting an expanding Yamabe soliton.

In a similar way, for the horizontal space, we derive

RE (7. (Hy), 7t (Hp)) 7t (Hy ) = %(axa +0x4), R5 (7. (Hy), 7. (Hs)) 7. (Hz) = \}E(a% — dxs),
RE(, (H), . () e () = 203, RS (. (Ha), () () = (5 = 1)
RE(7 (Ha), 7 (Ha) e (Ha) = — 5 (933 + ),
RS (7. (Hy), 7t (Hy)) 7t (Hy) = 7(9351 + 0x2).
and s
5/ 03 0
SB(T[*Hi, 7T*H]) = 0 —m 0
1
0~
R Trace(SB) —2V2. (53)
Again using (3), we derive T = 2% — /(2)pand v = —#. Therefore, ((Kermtt), g)

admlts the expandmg, shrinking and steady 7-RY solitons referring to 53‘7 > /(2)p,

V2
i < VvV (2)p or =% = 1/(2)p, respectively.
Also we have obtamed the following cases for particular values of o and p, such as:

Case 1. Inan #-RY soliton of type (c,p) foroc = 1,p = 0, we find T = 2\[ and
V= \[, then, ((Kermy-), g) is admitting an expanding 77-Ricci soliton.
Case 2. In an #-RY soliton of type (o,p) foroc = 0,0 = 1, we find T = —+/2 and

v = 0; then, we have ((Kerr;-), g) is admitting a shrinking Yamabe soliton.

6. -Ricci-Yamabe Soliton with a Potential Vector Field w = grad(vy)

Let the potential vector field w = grad(vy) on N; then, (N, g, w, T,v,0,p) is said to be
a gradient 77-RY soliton, which is indicated by (N, g, w, T,v, 0, p).
Now, consider the equation #-Ricci-Yamabe soliton for an r-dimensional fiber in RS.

205(L]) = —[¢(Viw,]) + §(Vyw,I)] — (2T — pR)d(L]) — 2vn(1)5(J). (54)

Contracting the Equation (54), we obtain

div(w) = —r7 + R(g - (7) _ (55)

As a result, the following theorems exist:
Theorem 11. If (N, g, w,T,v,0,p) is an y-RY soliton of kind (o,p) with gradient PVF

w = grad(7y), and the vdV is parallel, then every fiber in RS is an 17-RY soliton, and the Poisson
equation satisfied by -y becomes

Ay) = —rT—i—R(g —a) — . (56)
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Theorem 12. Let (N, g, w,T,v,p) be an 5-RY soliton of kind (0,p) with gradient PVF
w = grad(7y) and the vdV is parallel, then every fiber in RS is an n-Yamabe soliton, and the
Poisson equation satisfied by <y becomes

A7) = —rT—i—R(g) . (57)

Remark 4. Ifv = 0in (56) and (57), we can easily obtain similar types of results for the RY soliton
and Yamabe soliton from Theorems (11) and (12), respectively.

7. Physical Applications of Solitons

As far as a physically relevant model having a solitonic solution is concerned, the theory
of collapse condensates with the inter-atomic attraction and spin-orbit coupling (SOC) [31],
which is a fundamentally important effect in physical models, chiefly, Bose-Einstein con-
densates (BEC) [32]. The SOC emulation proceeds by mapping the spinor wave function
of electrons into a pseudo-spinor mean-field wave function in BEC, whose components
represent two atomic states in the condensate. While SOC in bosonic gases is a linear
effect, there is interplay with the intrinsic BEC non-linearity, including several types of one
dimensional (1D) solitons [33]. An experimental realization of SOC in two-dimensional
(2D) geometry has been reported too [34], which suggests, in particular, the possibility
of creation of a 2D gap soliton [35], supported by a combination of SOC and a spatially
periodic field.

A fundamental problem that impedes the creation of 2D and 3D solitons in BES,
nonlinear optics, and other nonlinear settings, is that the ubiquitous cubic self-attraction,
which usually rise to solitons, simultaneously derives the critical and supercritical collapse
in the 2D and 3D cases, respectively [36]. Although SOC modifies the conditions of the
existence of the solutions and of the blow-up, it does not arrest the collapse completely [33].
The collapse destabilizes formally existing solitons, which results in stabilization of 2D and
3D solitons [32].

In the presence of SOC, the evolution of the wave function is described by a system-
coupled nonlinear PDE in the Schrodinger form [37]

) 4 n? N )
Zh? = —mA"’HSO + E(Ba) _g2|lP| T/ (58)

where M is the mass of the particle, H,, is the SOC Hamiltonian, B is the effective magnetic
field, ¢ is the spin operator and g is the coupling constant.
The key point in understanding the role of the SOC in the collapse process is the
modified velocity
v = k+ VHs, (59)

where k = —i%, including the velocity and ViHs (Vi = %), are directly related to the
particle spin.
Let the first form Rashaba spin-orbit coupling

Hso = Hg = a(k0y — ky0y), (60)

with coupling constant & and k = (ky, k). The corresponding spin-dependent term in the
velocity operators in Equation (59) becomes (for more details see [33])

oHr 0Hr
ok = ady, ok, = —0y. (61)

In particular, in the 2D case, the nonlinear Schrodinger equation with cubic self-
attraction term gives rise to degenerate families of the fundamental Townes solitons [38]
with vorticity S = 0, which means decaying solutions. Hence, Townes solitons, that play
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the role of separation between the type of dynamical behavior, are the completable unstable
and total norm of the spinor wave function that does not exceed a critical value. Further,
it also produces stable dipole and quadrupole bound states of fundamental solitons with
opposite signs.

8. Application of Riemannian Submersions to Number Theory

The Hopf fibration [39] is a Riemannian submersion 7w : (N",g) — (B, g;) with
totally geodesic fibers. In addition, a large class of Riemannian submersions are Riemannian
submersions between spheres of higher dimensions, such as

e S — S

whose fibers have dimension m. The Hopf fibration asserts that the fibration generalizes
the idea of a fiber bundle and plays a significant role in algebraic topology, number theory
and groups theory [40].

Every fiber in a fibration is closely connected to the homotopy group and satisfies
the homotopy property [41]. The homotopy group of spheres S” essentially describes
how several spheres of different dimensions may twist around one another. For the j-th
homotopy group @;(S"), the j-dimensional sphere S/ can be mapped continuously to the
r-dimensional sphere S'.

Now, we can make the following remark :

Remark 5. To determine the homotopy groups for positive k using the formula 7, (S"). The ho-
motopy groups 10, (Sr) with v > k + 1 are known as stable homotopy groups of spheres and
are denoted by nf; they are finite abelian groups for k # 0. In view of Freudenthal’s suspension
theorem [42], the groups are known as unstable homotopy groups of spheres for r < k+ 1.

Now, in the light of Corollary 2 and using the above facts (5), we gain the following
outcomes.

Theorem 13. If (N, g, w, T,v,0,p) is an §-RY soliton of kind (o, p) and 7t is an RS , such that
the hdH is integrable, if every fiber of 7t is totally geodesic and any fiber of RS is an almost y-RY
soliton, then the homotopy group of RS is 7t,(BY).

Example 4. Let us adopt the example (3); we have Riemannian submersion ,
m:RéE=2S0 5 RI~S3
defined in (3).
Then, according to Hopf-fibration of the fiber bundle, we have homotopy groups
76(S°) = m343S°. (62)

Therefore, the above remark entails that r < k+11i.e., 3 < 3+ 1. Thus, the homotopy groups
716 (S?) are unstable homotopy groups.

Remark 6. For a prime number p, the homotopy p-exponent of a topological space T, denoted by
Expy(U), is defined to be a largest e € N = {0,1,2, - - - } such that some homotopy group @;(T)
has an element of order p®. Cohen et al. [43] proved that the

Exp,(S*Y) =n if p#2.

For a prime number p and an integer z, the p-adic order of z is given by
Ordy(z) = sup{z € N: p*|z}.
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Through the above observation, in 2007, Davis and Sun proved an interesting inequal-
ity in terms of homotopy groups. For more details see ([44] Theorem 1.1 Page 2). According
to these authors, for any prime p and z = 2,3, - - - some homotopy group 71;(SU(n)) con-
tains an element of order p"~ 10" (["/P]) j e, then the strong and elegant lower bound
for the homotopy p-exponent of a homotopy group is

Expy(SU(n)) > n—1+ Ord, < {’;J !), (63)

where S(U)(n) is a special unitary group of degree n.
Therefore, using Davis and Sun’s result (Theorem 1.1 [44]) with Theorem 13, we gain
an interesting inequality

Theorem 14. For any prime number p and s = 2,3, - -, some homotopy group 71,(B") of
Riemannian submersion 7t with totally geodesic fiber where the fiber is an almost 17-RY-soliton of 7,
contains an element of order p*~ 10" (1s/P1Y) we derive the inequality

Expp(rta(BY)) > n—1+Ord, ( U;J !>. (64)

Example 5. Again considering the case of example (4), we have that a homotopy group of Rieman-
nian submersion 7t with totally geodesic fiber is 71¢(R3). Equation (14) also holds for homotopy
group 11s(IR3) of Riemannian submersion 7t such that

Exp,(7ts(R)) > 2+Ord,,Q;J!>. (65)

The geometric interpretation of the Hopf fibration can be obtained considering rota-
tions of the 2-sphere in 3-dimensional space. Therefore, the rotation group SO(3), spin
group Spin(3), diffeomorphic to the 3-sphere and Spin(3), can be identified with the special
unitary group SU(2). Indeed, there are p-local equivalences

SO(3) = Spin(3) = SU(2).

Thus, in view (65), we obtain

Exp,(SU(2)) > Z—O—Ordp(Lz?J !>. (66)

Expy(Spin(3)) > 2+ Ord, ( L?;J !). (67)

Remark 7. Each homotopy group is the product of cyclic groups of order p. In [45] Hirsi, a
useful classification of homotopy groups of spheres is provided. Again, in light of example (4)
ﬂé(RB) = 7T3+3(R3) =12=223= le = Z4 X Lo X Zg or Z4 X Z3.

Remark 8. In [46], Herstien noted the following facts about any group of order type p*q:

1. If G is a group of order p?q, p, q are primes, then group G has a non-trivial normal subgroup.
2. If G is a group of order p?q, p,q are primes, then either a p-Sylow subgroup or a g-Sylow
subgroup of G must be normal.

Therefore, in light of the above remarks, we can make the following remark:

Remark 9. The order of a homotopy group 7te(R?) of Riemanian submersion y can be expressed as
22.3. Therefore, The homotopy group 1s(IR?) of Riemanian submersion 7 has a non-trivial normal
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subgroup. In addition, the homotopy group te(R?) of Riemanian submersion 7t with a 2-Sylow
subgroup or a 3-Sylow subgroup of 1ts(R®) must be normal.

Remark 10. In light of Remark 9, we can also find some results for the p-Sylow subgroup of the
group of spin of Riemannian submersion and the unitary group of Riemannian submersion. These
facts distinguish this manuscript from previously published works based on submersion.
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vdV vertical distribution vector field
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PVF potential vector field
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