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Abstract. In this paper, we investigate the geometric properties of sequential warped product manifolds
which is the most general concept of the warped product manifolds. We then establish some necessary
and sufficient conditions for sequential warped product manifolds admitting a gradient Ricci-Yamabe
soliton. We focus particularly on the triviality of the sequential warped product manifold admitting the
gradient Ricci-Yamabe soliton. For the physical applications, we investigate the behavior of these solitons
in sequential generalized Robertson-Walker spacetimes and sequential standard static spacetimes.

1. Introduction

The concept of the warped product manifolds [3] was introduced by Bishop and O’Neill and has been
studied extensively in differential geometry. They are helpful tools to derive more interesting geometric
properties of Riemannian manifolds with new concrete examples [3], [19]. It was shown that the standard
spacetime models used in cosmology, as well as the solutions to Einstein’s field equations, can be expressed
as warped products. As aresult, warped product manifolds have become important tools in both differential
geometry and the general theory of relativity. Among the well-known examples are the Schwarzschild and
de Sitter spacetimes. Motivated by this, De, Shenawy and Unal have introduced a more general class of
warped product metrics, where the base and/or the fiber manifold themselves may carry a warped product

structure. These are referred to as sequential warped products [6, 22]. Formally, this notion is defined as
follows:

Definition 1.1. Let (M;, gi) be m;-dimensional semi-Riemannian manifolds, respectively for any i = 1,2,3 and
f:M; — (0,00), h: My X My — (0, 00) be two smooth functions. Then the sequential warped product (briefly SWP)
is defined as the product manifold M = (My X My) X, M3 furnished with the metric § = (91 @ f2g2) ® h*gs [6].
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In 2021, Giiler [10] investigated the geometry of sequential warped products, examining the properties
of the Riemann and Ricci curvatures and exploring applications in Lorentzian settings. In [21], more general
formulas were derived for a specific format of sequential warped product semi-Riemannian manifolds to
be Einstein. For recent work on sequential warped products manifolds; we refer [10], [15], [16] and [20].
In physics, warped products serve as fundamental structures for modeling spacetime. Two significant
examples of such models are the generalized Robertson-Walker (GRW) spacetime and the standard static
(SS) spacetime, which have been widely explored in the context of general relativity. These two models
extend classical spacetime structures: the GRW spacetime generalizes the well-known Robertson-Walker
spacetime, while the SS spacetime generalizes the Einstein static universe. Further extending these ideas,
De, Shenawy, and Unal introduced the concepts of sequential generalized Robertson-Walker spacetime and
sequential standard static spacetime in their work [6]. Formally, these notions are defined as below:

Definition 1.2. Let (M;, g;) be m;-dimensional semi-Riemannian manifolds, respectively for any i =2,3and f: [ —
(0,00), h: I x My — (0, 00) be two smooth functions. Then the sequential generalized Robertson-Walker (briefly
SGRW) spacetime is defined as the product manifold M = (I Xy My) X, M3 furnished with the metric § = ((—dt*) &
f292) ® h? g5 where dt* denotes the Euclidean metric tensor on a connected and open interval I C R, [6].

Definition 1.3. Let (M;, gi) be m;-dimensional semi-Riemannian manifolds, respectively for any i = 1,2 and
f: My — (0,00), h: M1 X My — (0, 00) be two smooth functions. Then the sequential standard static (briefly SSS)
spacetime is defined as the product manifold M = (My X ¢ Mp) X I furnished with the metric § = (g1® f2g,) ®h*(~dt?)
where I C R is an open and connected interval and dt* denotes the Euclidean metric tensor on I [6].

Since the early 1980s, various flow equations have gained significant attention in mathematics. Among
them, the Ricci flow and the Yamabe flow, introduced by Hamilton, are the most well-known [11], [12]. Over
the past two decades, geometric flow theory has become a major area of interest for many mathematicians,
with a particular focus on the Yamabe and Ricci flows. In 2019, a new geometric flow was introduced by
the first author and Crasmareanu, which combines both the Ricci and Yamabe flows [8]. This new flow is
called the Ricci-Yamabe flow and has important applications in differential geometry, physics and general
relativity [8]. Furthermore, in 2021, it was shown that the limit of the solutions for the Ricci-Yamabe flow
leads to a special structure known as the Ricci-Yamabe soliton [7]. Formally, this notion is defined as below:

Definition 1.4. On a (semi)-Riemannian manifold (M", g), (M, 7,9, A a, ﬁ) is called a gradient Ricci-Yamabe soliton
(shortly GRYS) if

Hess¢ + aRic = (/\ - %ﬁT)g, 1

is satisfied for a a differentiable function ¢ : M — R where Ric is the Ricci tensor, T is the scalar curvature of (M, g),
Hess¢ denotes the Hessian of ¢ and A, a, p € R [7], [25]. GRYS is called expanding, if A < 0; steady, if A = 0 and
shrinking, if A > 0. GRY'S said to be proper if & # 0, 1.

In [18], twisted product manifolds admitting GRYS were investigated. In [13], the second author focused
on GRYS with warped product metrics. In [14], authors studied multiply warped products admitting
gradient Ricci-Yamabe solitons. Moreover, Ricci-Yamabe solitons also have some applications in physics,
we refer [1], [4], [5], [9], [23], [24], [26]. In this paper, we find some geometric properties for sequential
warped product manifolds. Next, we give the main relations of the gradient Ricci-Yamabe soliton with
sequential warped product. We also obtain some physical applications by investigating the sequential
generalized Robertson-Walker spacetime and the sequential standard static spacetime for these solitons.

2. Geometric Properties on Sequential Warped Products

Notation 2.1. (i) In this paper, we study smooth objects and connected manifolds.
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(ii) Objects belonging to the sequential warped product manifold are represented by “bar” symbol and objects of the
base or fibers (M;, g;), for i = 1,2,3, are represented by indices or powers i.

(iii) Every vector field X € x(M) can be decomposed as X = X1 + Xo + X3, where X; € x(M;), i=1,2,3 and
M= (M1 Xf Mz) X, M.

In this section, we investigate some geometric properties of sequential warped product manifolds.
Firstly, we deal with harmonicity on sequential warped product manifolds. Recall that any function ¢ on
the (semi-)Riemannian manifold (M, §) is harmonic if its Laplacian A¢ also zeroes. If {E;}; is an orthonormal
frame on M, then

A¢ = trace(Vd¢p) = E;Ej(¢p) — (VE,.E))@, 2)
where Hess(X,Y) = §(Vxgradg,Y) is defined as the Hessian of ¢, for all X,Y € x(M). That is, Ap =

div(grad¢). The divergence of the vector field X € x(M) is defined by divX = g‘(VE/X, E;) and the gradient of

a function ¢ is grad¢ = V¢ = (dp)?, where # denotes the musical isomorphism with respect to 7.
We use Notations 2.1 below. Simply performing calculations, we obtain the following:

Lemma 2.2. [10] On M = (M; X Mp) X, M3, for all X;,Y; € x(M;), (i = 1,2,3) the components of the Hessian
tensor Hess¢ of ¢ are given by

(1) Hess(X1, Y1) = Hess1(X1, Y1),
(2) Hessp(X1, Y2) = =Xi(In f)Y2(¢p),
(3) Hessp(X1, Y3) = —X1(Inh)Y3(¢),
(4) Hessp(X2,Y2) = fgradp(f)g2(Xs, Y2) + Hessr (X2, Y2),
(5) Hessp(X2, Y3) = —=Xa(Inh)Y3(¢),
(6) Hess(X3, Y3) = hgradp(h)g3(Xs, Y3) + Hesssp(X3, Y3).

It is possible to verify that for ¢ : M - R,
%Hessqb = Hess (m In qb) +%d(m Ing)®d(mIng), meR. 3)

For the next results, we need the consider following construction:

Remark 2.3. If {e;}", {u;}m2 and {E,)'2, denote an orthonormal frame on the manifold M; with respect to g
(i = 1,2,3) respectively, then each of {e;}!" 7} and {‘5“ }2 is an orthonormal frame on M; (i = 1,2,3) all with

1/
respect to g, respectively. Therefore, { ]}?1 = {el}i=1 U {'}l}l U {éha }mz

is an orthonormal frame on the sequential
1

warped product manifold M with respect to g.

Now, we will examine the results on Laplacian, one of the most used operators in both partial differential
equations and differential geometry, on (M = (M; X FMz) X Mz, 9):

Proposition 2.4. For any smooth function ¢ : M — R, we have:

AP =Aip + 7 Ach + 1 A3({) + 7 gmdlf(gb) + gmdh(qi)) 4)
Proof. Remark 2.3 and equation (2) yield
A¢ =EEj(¢p) = (VE,E))¢ )

=[eiei(P) — (Vee)pl + = [uluz(¢) (Vu,uz)¢]+%[éaéa(@—(vgaéa)(?]-

fZ
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From Proposition 2.1 in [6], we obtain

Ap =Aih + flz[uzul(@ — (V) + fgauy, w)grad (Fb] 6)

#olEabald) — (VELE00 + hgs(Eas Eradh(@)],
which gives the equation (4) by straightforward computation. [J
As consequences of Proposition 2.4, we obtain the following:
Proposition 2.5. For any smooth function ¢1 on My, we have:
(i) ¢1 is harmonic on the sequential warped product (M, §) if and only if Ayd1 = —gradd(my In f + m3z Inh);

(ii) Any two of the following statements refer to the third:
(a) ¢1 is harmonic on the sequential warped product (M, §);
(b) @1 is harmonic on (My, g1);
(c) gradey is orthogonal to grad(my In f + m3 Inh).

Proposition 2.6. Any smooth function ¢, on My, one has:

_m3f2

(i) ¢y is harmonic on the sequential warped product (M, §) if and only if Aapr = == gradh(¢pz).

(ii) Any two of the following statements refer to the third:
(a) o is harmonic on the sequential warped product (M, g);
(b) @2 is harmonic on (Ma, g2);
(c) gradh is orthogonal to gradds.

Proposition 2.7. If (M = (M; X F M) X, M3, §) is a SWP, then for any smooth function ¢3 on M3, ¢3 is harmonic
on (M, g) if and only if ¢3 is harmonic (M3, g3).

Now we work with harmonic forms on the sequential warped product (M = (M; X £ M) X, M3, g) for
which we recall the following:

Definition 2.8. A p-form w € A,(M) is said to be co-closed if its co-differential 57w given by
0(Xi, ., Xpo1) = (V) Xy, Xpmt), VX, Xy € XD )

zeroes. Besides, both closed and co-closed p-form on (M, §) is said to be harmonic.

Proposition 2.9. The co-differential operator 67 of (M = (M1 Xy M) Xj, M3, §) is related to the co-differential
operators 67 of (M, g;), j = 1,2,3, by:

8w =67 wq + %wl(gmdlf) + %wl(gmdh); Yw, € A1 (M), (8)
= 1 ms
Hwy = f—zégzwz + Tub(gmdh); Yw, € A1 (M3), 9)

. 1
(550)3 = ﬁé%a)gﬂ' Va)3 S ?h(Mg). (10)
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Proof. From Remark 2.3, we can write &7 by

o' =(Ve@)(E) = Ej@(E)) - (Vs E) an
=ei(w(e) — w(Vee) + F @) = (V3 )
S 0(50) ~ (Vs 52,

By using Proposition 2.1 in [6] in (11), we complete the proof. [
As a consequence, we obtain the following results for (M = (M x FMz) X Mz, g) :
Theorem 2.10. For each w € A1(M), any four of the following statements imply the fifth:
(i) w is co-closed with respect to J;
(ii) w restricted to My is co-closed with respect to g1,
(iii) w restricted to My is co-closed with respect to gy;
(iv) w restricted to M3 is co-closed with respect to gs;

(v) w satisfies the relation

my

f

Corollary 2.11. For each w € A1 (M), any four of the following statements imply the fifth:

w(grads f) + %w(gmdh) =0. (12)

(i) w is harmonic with respect to g;

(ii) w restricted to My is harmonic with respect to gi;
(iii) w restricted to M, is harmonic with respect to g»;
(iv) w restricted to M3 is harmonic with respect to gs;

(v) w is closed and satisfies the relation (12).

Note that the Betti numbers give the dimension of the spaces of harmonic forms. Then from Corollary
2.11, we have the following:

Corollary 2.12. Let (M = (M; X 7 M>) X, M3, g) be a SWP with (M;, g;) are all closed manifolds and the warping
functions f and h are constants. If w; is harmonic on (M;, g;), j = 1,2,3 and not all three are zero at the same time,
then the first Betti number of M is non-zero.

Remark 2.13. Proposition 2.9, Theorem 2.10, Corollary 2.11 and Corollary 2.12 can be generalized to arbitrary
p-forms.

Now our purpose is to express the sectional curvature on (M = (M; X £ My) X M3, §):
By using Remark 2.3, we have the sectional curvature

K( Z ) = K(E,P) = 7(R(E, PE.E),

where }’ is any plane spanned by an orthonormal (with respect to ) basis {E, F}. Then we can prove the
following:
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Theorem 2.14. For any plane Y, tangent to (M = (M Xy M) X; M3, §), the sectional curvature K of the metric §
is obtained by the following six cases, where each K; denotes the sectional curvatures of g;, for j =1,2,3:

(i) If Y is tangent to My, then

K2 =k(2) (13)

(ii) If Y, is tangent to My, then

K()))= 7 1Y) = llgrads fIP]; (14)

(iii) If Y is tangent to M3, then

K(Y) = ks Y) - lgradniPy; 1)

(iv) If Y, is spanned by arbitrary unit vector fields e; € x(My) and 2 € x(My) with respect to g, then

K( Z) = —%Hesslf(el, e1); (16)

(v) If Y. is spanned by arbitrary unit vector fields e; € x(My) and 2 € x(Ms3) with respect to g, then
1
K( Z ) = —EHesslh(el, e1). (17)
(vi) If Y, is spanned by arbitrary unit vector fields LJ’,—Z € x(M) and % € x(Ms) with respect to g, then

K( Z) =~ gmdh( - Hesszh(u2, 1), (18)

Proof. e Cuse (i): Let ), be a plane tangent to M;. Then by Lemma 2.2-(1) of [10] for any orthonormal
vector fields {ej, e} on M; with respect to 7, we have

K(}) = Kler,e2) = g(R(er, e2)er, 1) = gi(Rafer, e2)e, 1) = Kaler, e2).

e Case (ii): Let ) be a plane tangent to M. Then by Lemma 2.2-(2) of [10] for any orthonormal vector
fields {7}, %} on M with respect to 7, we have

K(X0) = K 22 = SRt o, ) = Sl 1P

o Case (iii): Let }, be a plane tangent to M3. Then by Lemma 2.2-(7) of [10] for any orthonormal vector
fields {‘;11 , ‘ghz } on M3 with respect to g, we have

1
K(Y) = KEL 2) = gs(Re(6, €2)60,0) = sllgradhlP

o Case (iv): If ), is spanned by arbitrary unit vector fields e; € y(M;) and “72 € x(M,) with respect to g,
then by Lemma 2.2-(4) of [10], we have

K(Z) = K(ey, %) = —%gl(V;gmdlf,el) = —%Hesslf(el,el).
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e Case (v) and (vi) are obtained analogously by Lemma 2.2-(6) of [10].

Therefore, the proof is completed.
|

Theorem 2.14 naturally allows us to obtain the following result:
Corollary 2.15. If the sectional curvature K(E, F) of (M = (My X§ M) X, M3, §) has constant sign, then:

(i) Ky has constant sign on My;
(ii) Hessy f(e1,e1) and Hessih(eq, e1) have constant sign, for all unit vector field e; € x(M;);
(iii) K, Hess1 f(e1,e1) and Hess1h(e1, e1) have opposite sign for all unit vector field e; € x(M;).

In [2], the classical warped product manifolds of constant sectional curvature were studied. If the
sectional curvature is constant, then the manifold is a space form. Thereby, it is natural to extend this study
in our context.

Corollary 2.16. If (M = (M Xy M) X, M3, §) is a space form, with positive sectional curvature K = ¢ > 0, then:

(i) (M, g1) is a space form with positive sectional curvature K1 = ¢ > 0;
(ii) (Ma, g2) is a space form with positive sectional curvature Ky = cf? + ||grad fII;
(iii) (M3, g3) is a space form with positive sectional curvature K, = ch? + IIgmthIZ;

(iv) If (M, §) is flat, then (a) (M, g1) is flat. (b) Both components (Mj, g;), j = 2,3, are flat if and only if the warping
functions f and h are constants.

3. Sequential Warped Products admitting Gradient Ricci-Yamabe Solitons

In recent years, there are many important studies that examine Ricci solitons, Ricci-harmonic solitons,
gradient Shouten solitons etc., investigating inheritable properties and providing conditions under which
these solitons can reduce Einstein manifolds, (for instance we refer [20]). Also, in [17], the authors study
such conditions by considering the potential function of a Ricci soliton as a Killing and conformal vector
fields and getting some cases where the potential field is concurrent.

Our aim in this section is to find the necessary and sufficient conditions for SWP admitting a GRYS in
both Riemannian and Lorentzian settings. For this purpose, a characterization for the potential function
of the soliton is obtained and the conditions that must be satisfied for each component of the SWP are
obtained. We also investigate a SGRW spacetime and a SSS spacetime for this kind of solitons. Now, we
have the following characterization for (M = (M x FMz) X Mz, 9):

Proposition 3.1. If (M, g,¢, A, a, B) is a GRYS with ¢ : M — R, then ¢ depends only on M.

Proof. Assume that (M, g, ¢, A, @, ) is a gradient Ricci-Yamabe soliton with ¢ : M — R. Using Proposition
2.3 in [6] and lemma 2.2 into (1), we have

~Xi(In Y2(@) = 0, (19)

for X; € x (M1), Yz € x (M,). Using (19), we obtain that the potential function ¢ may depend on M; and/or
M3.Similarly, using Proposition 2.3 in [6] and lemma 2.2 into (1), we have

=X1(Inh)Y3(¢) =0, (20)

for X; € x (M1), Y3 € x (M3). Using (20), we obtain that the potential function ¢ may depend on M; and/or
M, .From (19) and (20), we can conclude that ¢ depends only on M;. O
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Using Proposition 3.1, we prove the following:

Theorem 3.2. (M, g, ¢, A, a,B) is a GRYS and m; > 1if and only if f, h, §, A, a, B verify:
(i) (M1, 1) satisfies the following equation

aRicy + Hess; ((ﬁ) —amyIn f —amg lnh) - aimd(mz Inf)®d(myIn f)
2

—aLde(mg, Inh)®d (s Inh) = (A— %ﬁ’f)gl. @1)

(if) (M3, g») is gradient almost n-Ricci soliton with aRic, + Hess, (—amsInh) — a%md (m3Inh) @ d (m3Inh) = Dg,,
where

@ = f2(1 = 31) - foradoy (1)

+a [fAlf + (my — Vl\grads fII* — a fms (grad In h) (f)] . (22)
(iii) (M3, g3) is an Einstein manifold with Rics = pgs, where
1 1 1
"= (/\ - Eﬁ’f) IR = ahish = (ms = 1) [gradh][* — ~h (gradg)) (). 23)

Proof. Let(M, g, ¢, A, a, B)bea GRYS and m; > 1. Using the equation (3), Proposition 2.3 in [6] and Proposition
3.1in (1) for Xj, Y1 € x (M), we obtain the equation (21). Similarly, using Proposition 2.3 in [6], Lemma 2.2
and Proposition 3.1 in (1), we find

aRicy (Xp, Ys) + aTm3Hess (1) (Xa, Y>)

1
_ [ 2 ()\ - 551) _ fgradd (f) + a fﬁ] 72 (X2, Ya), (24)
for X5, Y, € x (My). From the equation (3), we have
aTmSHess (h) = Hessy (anz Inh) + aimd (m3Inh) ® d (m3 In ). (25)
3

Therefore, Substituting the equation (25) in (24), we have the desired result. Finally, using Proposition 2.3
in [6], Lemma 2.2 and Proposition 3.1 in (1), we have

aRics (X3, Ys) = [(A - %ﬁ’[)hz — akf — h (gradg)) (h)] 7 (X3, V),
for X3,Y3 € x (M3). Thus, M3 is an Einstein manifold. This proves the theorem. [J
Theorem 3.3. (M, 7, ¢, A, a,B) is a GRYS and m; > 1 satisfying the following condition

d[llgmdlqbll2 (ﬁ ) A — ()\——ﬁ )<P]( )

2’]’}2 d(Af) (X) - 2"?:13 Hessh(grad, f, X) — —dzv(Hessh)(X)
—z—hHessh(grad1qb X) - f dfgmdlqb(f)(X) - Ed(’[ )P (X)), (26)

then:
(i) If(/\ - %ﬁ’f) (fz) + &(my — 1)|lgrad: fI* + ﬁ(fmf) - f(gmdlqb(f)) = ¢1 (c1 is constant) and h reaches both

maximum and minimum with o, p > 0 then h is constant on My X M.

(i1) If 5 +/Sn1 (hAh) - “gmdh” = ¢y (co is constant) and f reaches both maximum and minimum with a, f > 0 and
A < 1T then f is constant on M;.
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Proof. If we take the trace the case (1) on Proposition 2.3 in [6], then we obtain
T=T1—H12——H’l3—. (27)

Then taking the trace of the equation (1) and using (27), we find

A
aty = (/\ - lﬁf) my + amzi + amgA—h ASTOR (28)
2 f h
From the equation (28), we have
adty = 1 mdt — am lde f+am lal(A 1a)
1= Zﬁ 1 2](2 1 zf 1
1 JhAR 1
~amy s dhAh + amazd (Ah) - d(Agp). (29)

From the second Bianchi identity, we have
dty = 2div(Ricy). (30)

From Proposition 2.3 in [6], the equations (28) and (1), we get

H
div(aRic;) = mzadiv( esfslf ) + mzadiv (He}fSh ) ~ div (Hess1). @31)
By the definition of divergence, we have
H
div( ej(slf) (X) = —%Hesslf(gmdlf, X)+ Jl(divHesslf(X) (32)

for any vector field X on M;. Since Hess; f(grad, f, X) = %d(”gmdl f ”2)(X), the equation (32) turns into

div(Hejflf )(X) = —;?ddlgmdlf )+ %divHessz). (33)
Similarly, we obtain

div(He;Sh)(X) - —Zlﬁd(Hgmdh“Z)(X) + %divHessh(X). (34)
It is well known that

div(Hess)(X) = Ric (grade, X) — A (dep) (X). (35)

Using the equation (35), we get
div (Hess1) = Ricy (gradip, X) = Ay (dp) (X). (36)
Using equations (35) in (33), we find

Hess; f 1
7 )(X) =27

20 - BT
dio [ = 1) dlgrac )00+ 500 - @) 0 (37)

1 ms
—ﬁHesslqb (grad: f, X) + f—hHessh(gmdlf, X).
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Similarly, we obtain

dio (Hess¢) (X) = [ —d((lgracs ][0 + 24 — BO)B(X) + 2a)d (A1) (X)] (38)

+7Hesslf(gmd1¢>, X) + THessh(gmdlq), X).

Substituting the equations (34), (37) and (38) into (31), we find

div(Ric;)(X) = fz [(mz 1) d(||grads £]") x) + (AP T)fdf(X)—(Zf)d(Alf) <X>] (39)

——Hesslcp (grad. f, X) + 42 Hessh(gmdlf X)

f
2h2
= [—d(||gmd1¢|| )(X) + (24 = BDAG(X) + 2a)d (A1) <X>]

_%Hesslf (gmdlq), X) - %Hessh(gmdl(p, X).

By the use of the equations (29) and (39) into (30), we have

fh
d(||gmth )(X) + —dszessh(X)

20 - p1
% [(mz = 1yd(fgmacts 100 + = sar00 - 2 ar) (X)] “
_%HESSM) (gradi f, X) + Zm}l;lm3 Hessh(grad, f, X)

d(”g dh|| )(X)+ ™3 divHessh(X)

_é [_d(||gmd1¢|| )(X) + 2 - pOdS(X) + a)d (A1) (X)]

_%Hesslf(gmd@, X) - %Hessh(gmd@, X)

—%‘Bﬂﬁd’f —amy— delf + amy— d (Alf)

f? f
—am3h12dmh + amg,ﬁd (M) - d (A1) = 0

Using the condition (26), we obtain

;zd |22 (1= 22) () + matomz = lgrac P +22”f;‘ (fAf) - zaﬂf(gmd@(f))] ) (41)
+hl—2 [zzm—?(mm msllgmdh||2] X)=0

Then it is necessary to examine the following two cases:
Case L: If (A - %ﬁ"c) (fz) + §(my — Dllgrads fI1* + 2a+ﬁm1 = (fA1f) - f(gmdlqo(f)) = ¢; =constant, then we have

2msa

Sat (hAh) — my Hgmdh”z = v, where v is constant. Let (p1,41), (p2,92) € My X M; be the points where

h attains its maximum and minimum in M; X M,. Hence we have gradh (p1,41) = 0 = gradh (p, 92) and
Ah(p1,q1) <0 < Ah(py, g2). Since h > 0 and «, B > 0, we obtain

2
0> —h(p1,q1)Ah (p1.q) =

T 20+ pm h(p2,92) A (p2, g2) = 0.

-
2a + pmy
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By the strong maximum principle, this implies & is constant on M; X M, when «, > 0.
Case IL: If 52729 (hAh)—m3 “gmdh”z = ¢, = constant, then we have (/\ - %ﬁ’f) (fz) + 1y (my —1)|lgrads fI* +

2a+pmy

mfw( fAif)—f (gmchqb( f)) = w, where w is constant. Let p, § € M; be the points where f attains its

maximum and minimum in M;. Hence we have gradf (p) = 0 = gradf (q) and A1 f (p) < 0 < A1f(g) . Since
f>0,a,8>0and A < 147, we find

02 St mf (YA () =0 () + £ () (gradu () ) = (2 - 36) () )

> 0@ + £ @) (gatis(H @) - (1 - 367) () @) 2 0.

By the strong maximum principle, this implies f is constant on M; when a,f > 0 and A < 1p7. This
completes the proof. O

As physical applications, we obtain the behavior of these solitons in SGRW spacetimes and SSS space-
times.

From Theorem 3.2, we have following characterization for a SGRW spacetime (M = (I X FM2) X, Mz, g =
(—dt?) & f2g, ® h*g3):

Corollary 3.4. (M, g, ¢, A, a,B) isa GRYS and m; > 1,i = 2,3 ifand only if f, h, ¢, A, a, B verify:
(i) (M1, 1) satisfies the following equation

¢" + Hessy (—amy In f — amzInh) — ﬁd (maIn f)®d (my In f)
2

1 1
~ o s ) @ d (s ) = (Eﬁl’ - )L),

(if) (Ma, g2) is gradient almost n-Ricci soliton with aRic, + Hessy (—ams Inh) — Wd (m3Inh) ® d (mzInh) = Dg,,
where

@ = (1= 3pc) = f£9 ~a(ff" + 0m = )(FF) - afms (gradinh) (),
(iii) (M3, g3) is an Einstein manifold with Rics = ugs, where
w= (/\ - %51) %hz — ahAl = (m3 = 1) ||gradh]|* - %h (grade) (n).

Proof. By substituting grad f = —f’, Hesslf(at, %) = f",Hessip = ¢”, A1 f = —f", gl(%, ai =
—(f)* in Theorem 3.2, we complete the proof. [

From Theorem 3.2, we have following characterization for a SSS spacetime M = (M x FM2) Xy I,g =
g3 @ fz_(]z @ hZ(—dtz):

Corollary 3.5. (M, 7, ¢, A, a,B)isa GRYS and m; > 1,i=1,2 ifand only if f, h, , A, a, B verify:
(i) (M1, 1) satisfies the following equation

aRicy + Hessy (q) —amyIn f —am; lnh) - ﬁd(mg Inf)®d(myIn f)
2

1 1
o 3 1) ©d (m In) = (A - EﬁT)gl,
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(ii) (Ma, g2) is gradient almost n-Ricci soliton with aRic, + Hess, (—amz Inh) — a%md (m3Inh) ®d (mzInh) = Og,,
where )

@ = £2(A = 267) - forado ()

+a (fAlf + (ma — 1)llgrads f|* — afms (grad In h) (f)),
(iii) (M3, g3) satisfies the following equation

1.\1, 2 1
(1= 387) 17— ahash = s = 1) |}grad” = ~ 1 (gradgy) () = 0.
Proof. By substituting g5(%, %) = —1, Ric3(%, %) = 0 in Theorem 3.2, we complete the proof. [

4. Conslusions

Sequential warped product manifolds and gradient Ricci-Yamabe solitons play an important role in both
differential geometry and relativity theory. Sequential warped products are useful for modeling layered
spacetime structures, while gradient Ricci-Yamabe solitons contribute to self-similar solutions of geometric
flows with physical relevance in cosmology and gravitational theory. So, we firstly explored the geometric
structure of sequential warped product manifolds.Then we derived necessary and sufficient conditions
under which these manifolds admitting gradient Ricci-Yamabe solitons and examined their implications.
Furthermore, we applied our general findings to important physical models by considering sequential
generalized Robertson-Walker spacetimes and sequential standard static spacetimes. These applications
demonstrate how the geometry of sequential warped products influences the behavior of gradient Ricci-
Yamabe solitons in a relativistic setting.
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