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Abstract In the context of braneworld scenarios, the real
scalar field plays a crucial role by providing thickness for
brane. In this work, we investigate a codimension-one thick
brane within the framework of f(R, Q, P) gravity, where
R represents the curvature scalar, while O = R, R"" and
P = Ruvap RM*B are quadratic geometric invariants. Our
interest is to investigate the influence of these invariants
on the scalar field solution and the energy density of the
brane. Furthermore, we analyze the localization of spin 1/2
fermions and the gravitino by employing a Yukawa-like cou-
pling with the scalar field background. Such a coupling is
able to produce a normalizable zero-mode for both fields.

1 Introduction

Nearly a century ago, Kaluza and Klein published a remark-
able work in which the hypothesis of extra dimension was
proposed for the first time, being motivated by an idea to
combine gravity and electrodynamics in a single unified the-
ory [1,2]. Further, various estimations for the size of compact
extra dimensions were done, for a review see e.g. [3]. Pro-
posed in 1999, the so-called Randall-Sundrum (RS) model
introduced another approach to extra dimensions [4,5], aim-
ing to solve the hierarchy problem, a persistent question in
theoretical physics for many years, which, in particular, dis-
cusses the weakness of gravitational interaction compared to
other interactions. In the RS model, the metric is described by
a function of the extra spatial coordinate introduced in such a
manner that gravity could escape to the extra dimension and
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is considerably weak in our universe (3-brane) [6]. On the
other hand, the fields responsible for the other fundamental
interactions would be trapped on a 3-brane.

Generalization of the RS theory, also known as braneworld
models, have been considerably investigated over the past
two decades. It is worth to emphasize especially the role
played by thick branes which represent a direct extension of
the RS model, where one introduces a real scalar field allow-
ing for a more general form for the warp factor of the RS met-
ric, providing thickness for the brane [7-16]. Another impor-
tant feature of thick branes is the appearance of their internal
structure [8,17]. In (1+1) dimensions, kink-like structures
emerge from scalar field dynamics [18-24]. Such structures
possess Zp symmetry and interpolate between the vacuum
expectation values of the theory, which stem from a sponta-
neous symmetry-breaking mechanism. It is worth noting that
spontaneous symmetry breaking also leads to nontrivial topo-
logical structures such as vortices [27-30] and monopoles
[31].

Within the thick brane scenarios, in addition to the scalar
field dynamics, one can modify the geometrical sector by
considering alternative gravity models like, e.g., f(R) and
f (R, T) gravities [32—48], where R represents the curvature
scalarand 7 the trace of momentum-energy tensor. Other the-
ories investigated within the brane context were cubic gravity
[49], mimetic gravity [50], bimetric gravity [51], a scalar—
tensor model known as Horndeski gravity [52], bumblebee
gravity [53] and scalar fields with generalized dynamics [54].

A pivotal issue of thick branes is analyzing the localization
of Standard Model fields on the brane. Such an investigation
is carried out by considering the five-dimensional action for
a specific field. Then one employs a Kaluza—Klein decompo-
sition that allows us to obtain the zero-mode (massless mode)
of the field and verify whether it is indeed localized on the
brane. In the case of gauge fields [17,55,56] and fermions
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[57-63], an additional coupling is necessary to yield a nor-
malizable zero mode. Over the past years, several articles
have been addressing this subject, most of them in the con-
text of general relativity [17,55-63].

In this work, we are interested in studying a five-
dimensional thick brane in the f(R, Q, P) gravity cou-
pled to a single scalar field with standard dynamics. The
f(R, O, P) model, whose action depends on scalar curva-
ture R and squares of Riemann and Ricci tensors, P and Q
respectively, has been originally introduced in [64]. Its impor-
tant particular case is the f(R, G) gravity, whose action
involves the Gauss—Bonnet term G. This model was con-
sidered mostly within the cosmological context, see f.e. [65—
68]. One chooses a suitable warp factor to find matter field
solutions for our brane system. Furthermore, the localiza-
tion of spin 1/2 (Dirac fermions) and spin 3/2 (gravitino)
zero-modes are investigated. The study of these fields is a
relevant question to address in the braneworld models. As
one knows, the spin 1/2 spinor describes the ordinary matter,
while the spin 3/2 gravitino field (superpartner of the gravi-
ton) arises in the supergravity context, being regarded as a
possible candidate for dark matter [69,70].

The outline of this work is the following: In Sect. 2, it is
obtained the equations of motions for f(R, Q, P) gravity.
In Sect. 3, we construct the braneworld scenario by consid-
ering a single scalar field as the matter source. In Sect. 4, it is
verified whether the brane system is capable of trapping the
fermion zero-mode, and in Sect. 5, the similar study is per-
formed for the Rarita—Schwinger field. Our final discussion,
as well as future perspectives, are presented in Sect. 6.

2 f(R, Q, P) gravity

As it is well known, the general relativity (GR) is capable
of explaining the geometrical effects of gravity and treating
a wide range of phenomena at great scales. However, some
open issues such as problems of dark energy and formulating
a consistent quantum description demand possible modifica-
tions of GR. In this context, modified gravity models have
gained increasing room. A simple way to construct such mod-
els is to assume that the gravitational action depends not only
on the Ricci scalar R but on a generic function of R, f(R).
Other more robust modifications involve quadratic invariants,
that is, the square of Ricci tensor Q = R,,, R*”, the square
of Riemann tensor P = R 148 R*P or the Gauss—Bonnet
term G = R> — 4R, R™ + R vap RMeB  As a starting point
for our investigation, let us define the five-dimensional action
for f(R, Q, P) gravity (see e.g. [72])

S = /dSX\/—_ng(R, 0,P) +£m), (H
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where ./—g is the determinant of the metric g,
f(R, O, P) represents a generic function of Ricci scalar R
and higher-order derivative curvature invariants Q and P.
Moreover, L, is the matter Lagrangian, which will be defined
in the next section. Herein, the bulk coordinate indices are
denoted by capital Latin index M = 0, ..., D — 1. The vari-
ation of action (1) with respect to metric gyy yields the
following equation of motion

1
Ryn fr — EgMNf + Hyn + Kyn = 2Tyn, (2)
where
Hyn = (gunO = VuVn) fr, 3)

Kyn =0(foRun) + gunVaVs(foR?)
+ ZfQR?MRN)A — ZVAV(M(fQR;‘/))

+ fpRapcmRABE N — 4VAVE(fr R ) B).
“4)

of af F)
Above [0 = VMVM’ fR = 3%9 fQ = % and fp = 3_;
Besides, Ty stands for the matter energy—momentum ten-

sor given explicitly by

2 3(J/=8Lm)

Before proceeding with our study, we must note the fact that
higher-order derivative terms potentially lead to ghost-like
instabilities that break the unitarity. Similarly to previous
works, f.e. [71,72], we will circumvent this issue by treat-
ing our theoretical model in the context of effective field
theories (for the discussion of this methodology, see [73]).
In other words, the effects of higher-curvature terms are
Planck-suppressed, so that ghost-like degrees of freedom are
neglected at the low energy limit. In the following, we will
define the background and the matter sources necessary to
perform our study.

3 Deformed thick brane

In this section, we will present a brief review of the main fea-
tures of braneworlds space-time in the context of f (R, Q, P)
gravity. Adopting the signature of the metric (— + + + +),
the line element of these metrics is given by [4,5]

ds® = eZA(y)r/de“dx” +dy?, (6)
where 7, (here and further Greek indices label brane coor-

dinates, u = 0, ..., D — 2) is the Minkowski metric, >4
is the warp factor which depends only on the extra dimension
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coordinate y. For the braneworld metric (6), the scalars R,
Q and P can be straightforwardly found to look like:

R = —4QA" +5A"),
0 =20A"% +80A™ + 644 A",
P =24A" +16(A” + A®)>. @)

Now, we should specify the matter content that will source
the braneworld. But firstly, let us present some physical rea-
sons for our choice. In high-energy physics, spontaneous
symmetry breaking plays a pivotal role by giving rise to
cosmological-scale structures such as domain walls and cos-
mic strings. The characteristics of these structures can be
investigated within the framework of topological defects.
In particular, we can mention especially kink, vortex, and
monopole solutions, allowing for the development of analo-
gies between high energy and condensed matter physical the-
ories, the so-called analogue models for gravity [74]. For
instance, the kink-like structures are generated by scalar
fields in two-dimensional flat spacetime and described by
the Lagrangian below

1 .
Ly = —§3c¢3‘¢ —V(¢), ®)

where ¢ = 0, 1 and V (¢) represents the potential responsi-
ble for spontaneous symmetry breaking. The kink-like con-
figurations actually attract great attention caused by inter-
est to their further generalizations, e.g., double-kink and
compacton-like solutions. The double-kink configurations
appear, in principle, in theories with three vacuum or using
deformation approaches of the standard model, see e.g. Ref.
[18]. Among some models allowing for arising of double-
kink-like structures one can cite the double-sine-Gordon
(DSG), polynomial, and non-polynomial models [19-22].
In general, one can also find compacton-like configurations
in high-energy physics [26]. However, these configurations
appeared for the first time in the context of hydrodynamics.
Thus, compacton-like structures have gained prominence due
to their strictly localized energy profile [27]. Recently, the
studies on compactons extend from flat spacetime to curved
one with applications in cosmology and braneworld scenar-
ios. Moreover, it is still possible to obtain multi-kinks config-
urations [24]. Following these motivations, let then us assume
that a single scalar field is the matter source that generates
the thick brane. The matter Lagrangian is given by

1
Ly = —58M¢8M¢ - V(9). ©)

The energy-momentum tensor associated to this Lagrangian
reads

Tyn = 0mpING + gunLn. (10

The variation of matter action leads to

1
— Iy (V—=gdMp) — vV, =0, 11
TV =80M) — Vo (11)

where Vy = Z—;. With the metric in hands, we obtain the
following set of equations

SAW fo + 849 £, + 1049 £, + 4A" [ + 5A" £}
+20fpA" +4APFp 4+ 1247 fj, + 8A” [, + 24A7 £,
— 32 A" —3A" fr +40AD) fo A’ + 40A'A” £},
+ 56A/A”f(/2 + 56fQA/2A// + fR(AH —|—4A/2)
+4fp(AW 144" — 44 +84AO A

f

+13A2A") — fR + 5= % +2V, (12)

4A" (A fp 4 5f0) +4A [ fr — 4A(—=A'(fp +2f0)
+ fp+2f0) + A frl —4AP A4 fp +5 fp)
—4A"(12A(fp + Fo) + 4A' f})

+20A"f) + fr) — g =¢? -2V, (13)
and
¢ +4A'¢ = Vy, (14)

where the prime stands for the derivative with respect to the
extra dimension y. Now, the challenge is solving the set of
equations to obtain a scalar field solution. To simplify the
problem, we can introduce the standard ansatz for the warp
factor (see f.e. [40]):

A(y) = wln [sech(y)] (15)

It is important to point out that this warp factor fulfills some
requirements:

e The warp factor must reproduce the RS warp factor far
from the brane core which requires lim ¢240) — 0.
y—>00

e The warp factor should have a smooth profile near the
brane.

e Itis necessary to ensure that the matter field has Z, sym-
metry, then e2A0) — Q2A(=y),

o [ dye3A™) must be finite and non-null to ensure a
normalizable zero-mode for graviton.

In Fig. 1, we depict the shape of the warp factor as well as the
geometrical invariants R, Q and P. As we can observe, the
warp factor indeed displays smooth behavior near the brane,
while it tends to zero far from the brane. On the other hand,

@ Springer
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Fig. 1 (a) Warp factor. (b) Ricci scalar. (c) Plot of Q. (d) Plot of P

the curvature scalar R assumes a positive value 8w at y =
0. Meanwhile, far from the brane, R approaches a negative
constant given by —20w?. Such a result characterizes the
Ad S5 limit for the bulk.

Once we have discussed the basics aspects of warped
geometry, our interest now is to understand how the matter
field will behave when we modify geometrical parameters.
Now, let us study some examples of the function f (R, Q, P).
We start with discussing the case of quadratic gravity.

3.1 Quadratic gravity

The first model we will analyze is a quadratic gravity, with
f(R,O,P)=R+kiR>+k Q+k3 P, (16)
where the parameters kj » 3 control the influence of quadratic

invariants. We obtain the scalar field solution by solving
numerically the equation

@ Springer
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P(y)

40
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(d)

> (y) = %a) sechz(y)|: — 4tanh®(y) (2k1 (o (50 + 16) + 8)
+kQw(w+35) +35) +k3(w(w+8) +4))

+ 2(4w + 1) sech? () (16k| + 5k» + 4k3) + 3}
(17)

It is worth to note that when k; = k» = k3 = 0 (GR case),
we obtain the usual kink-like solution, looking like

A
¢(y) = /6p arctan |:tanh <7y)i| (18)
The corresponding energy density is given by

1 2w 3.4
p(y) = o sech™ ()40 tanh® (») (1061 + 2Kz + k)

+ sech?(y) [3 — 4tanh?(y) (w2(74k1 + 22ky + 17k3)
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(a)

Fig. 2 For quadratic gravity. (a) Scalar field. (b) Energy density

+ 4w (16k] + Sk + 4k3) + 16k + 5ky + 4k3)]

+20Bw + 1)sech4(y)(l6k1 + Sky + 4k3) — 6w tanhz(y)}.
(19)

As we can see from Fig. 2, the matter field solution displays
a behavior in which the kink-like profile is deformed into a
two-kink one. Such a behavior is also suggested by energy
density which tends to split as kj increases. For this anal-
ysis, one adopts the relation k; = —k; and k3 = kj. It is
worth mentioning that two-kink solutions can also appear
in the context of GR by considering a multi-field theory or
noncanonical dynamics. In our case, the scalar field profile
as well as the energy density are influenced mainly by the
gravitational effects, i.e., the brane splitting that happens has
a pure geometrical origin.
The next step consists in studying the cubic gravity.

3.2 Cubic gravity

As anextstep, letus now consider a cubic gravity by choosing
the following form of our function f(R, Q, P):

f(R,Q,P)=R+k R +kyRQ+k3sRP. (20)

In this case, we have terms involving mixing between the
Ricci scalar and quadratic invariants Q, P. The correspond-
ing matter field equation looks like

1
> (y) = 2® sechz(y){6w2(15k1 (w(32 — 5w) + 16)
+ (=50 (2ky + k3) + 82ky + 56k3)

+ 41ky + 28k3) + 8wsech2(y)|: —2(50 +2)

sech?(y) (ki (w — 20) (5w + 2)
+ ko (2(w — 25)w — 25) + k3 (@ — 34)w — 20))
+ 12k (50 + 2) (0 (50 — 66) — 16)
+ ko (w (8w (5w — 82) — 467) — 80)

+ 4k3(w(w (5w — 112) — 85) — 16):| + 3}. (21)

Like the previous case, due to complexity of above equation,
we can solve it only numerically. Additionally, the energy
density for our model reads

1 2w 5 2
P(Y) = 5o sech™(y)1800° (10k — 2k — ks) + sech’(y)

x [Swsechz(y)< — (5w 4 2)sech?(y) (2k; (w — 20)

X Qw4+ 3)Sw+2) — ky(w(@w(w + 17) + 135)
+50) — 2k3(w(w(w + 23) + 48) + 20))

+ 12k1(w 4+ 1) (5o + 2) (w (5w — 66) — 16)

— ky(w(@(120 (5w + 58) + 1139) + 547) + 80)

— 2k3(w(wBw (5w + 78) + 398) +202) + 32))

+ 2w (8w (15k1 (w(w (59 — 10w) + 64) + 16) + ky
X QwBw(dw +29) + 82) +41) + kz(w Bw (Sw

+39) + 112) +28)) + 3) + 3:| — 6a)} (22)

In Fig. 3, we plotted the scalar field solution and the brane
energy density. Unlike quadratic gravity, the scalar field solu-
tion tends to a 3-kink when modifying the parameter k;. In
this case, we consider the relation between the parameters
as being kp = kj and k3 = k. In flat space-time, a 3-kink
structure can be obtained by dealing with two scalar fields

@ Springer
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Fig. 3 For cubic gravity. (a) Scalar field with k; = 1,0 - 10™*. (b) Scalar field with k; = 2,5 - 10™%. (¢) Scalar field with k; = 4,5 - 10~%. (d)

Energy density

[25]. Again, in our conjecture, the emergence of the 3-kink
solution is provoked mainly by modified gravity.

Once we have discussed the cubic case let us now turn to
the quartic gravity.

3.3 Quartic gravity

In this scenario, we will take three examples of the function
f(R, Q, P). The first one we choose is

F(R,Q,P)=R+k R*+k 0>+ k3 P°. (23)

The equation of motion for this case reads

¢ (y) = %w sechz(y){ 160> [4w2 tanh®(y)

x (5w2(100k1 + 4k + k3) — 4w (400K,

@ Springer

+ 19ky + 6k3) — 2(400k; + 19> + 6k3)>

+ sech®(y) (256k Bw + 1) + 60kyw + 25k»
+ 32k3w + 16k3) — 2 tanh?(y) sech*(y)

x (32k1 (@ (155w + 116) + 24) 4 20

x (137kyw + 125ky + 50kzw + 56k3) + 75ka
+ 48k3) + 4w tanh* (y)sech?(y)

x (80k (0 (60w + 61) + 16) + w (228krw

+ 251ky + 72k3w + 86k3) + 80ky + 32k3)] + 1}

(24)

The complete expression for the energy density is
extremely cumbersome, so we will only present its quali-
tative behavior through Fig. 4. Thus, by solving numerically
the Eq. (24), we see the emergence of a 3-kink-like struc-
ture also in quartic gravity. In this case, the energy density
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oF
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=
¢ 0
=1t
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y
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(d)

Fig. 4 Forquartic gravity (23). (a) Scalar field withk; = —1, 0- 1075, (b) Scalar field with k; = —1,5-1077. (¢) Scalar field withk; = —2, 0-107.

(d) Energy density

presents a small split. The relation between the parameters

is k2 = —2k1 and k3 = k].
The second example of (R, Q, P) is given by

f(R,Q,P)=R+k R*+k QP.
In this case the equations of motion yield

P2 (y) = %a) sech?(y) { 160> |:2a)2 tanh®(y)

X (200k1(a)(5w —16) —8)

+ ko (20w2 — 86w — 43))

+ 4sech®(y)(64k1 Bw + 1)
+ k(11w + 5)) — tanh?(y) sech*(y)
x (64k1 (0 (1550 + 116) + 24)

(25)

+ ko (0 (337w + 340) + 120))
+ wtanh*(y) sech?(y)(320k (@ (60w + 61) + 16)

+ ko (@ (516w + 595) + 208))} + 1}. (26)

The qualitative behavior of the energy density is given by
Fig. 5. We realize that a 3-kink-like solution also emerges
and the energy density has a deeper split than the previous
case as the parameters k| increases, where ky = k.

Our last example of the function f(R, Q, P) is given by

f(R,Q, P) =R+ (ki R + k2 Q + k3 P)?, 27)

and our equations of motion in this case look like
2 3 2 2 2 6
¢-(y) = —za) sech”(y){ 16w | 4w” tanh®(y)

@ Springer



1307  Page 8 of 15

Eur. Phys. J. C (2024) 84:1307

(c)

@(y)
o

10

ply)

(d)

Fig. 5 Forquartic gravity (25). (a) Scalar field withk; = —1, 0- 1073, (b) Scalar field with k; = —1, 5-107. (¢) Scalar field withk; = —2, 0-1072.

(d) Energy density

x (10k; + 2ks + k3) <5w2(10k1 + 2ky
+k3) — 20(80k) + 19k> + 12k3)

— 80k — 19k» — 12k3) — 2 tanh?(y)sech*(y)

x <w2(10k1 + 2k + k3)(496k; + 137ks + 100k3)
+ 2w (116k| + 25ks + 14k3)(16k| + 5k + 4k3)
+ 3(16k; + 5ky + 4k3)2> + sech®(y)

x (16k| + 5k + 4k3)(16k; 3w + 1) + 12ky
+ 5ky + 8k3w + 4k3) + 2w tanh*(y) sech?(y)
x (10k1 + 2ka + k3)(16k| (@ (60w + 61) + 16)
+ ko (w(228w + 251) + 80)

+ 4k3(w (36w + 43) + 16))] — 1} (28)

@ Springer

These results can be presented graphically in Fig. 6.
Unlike the previous case, one notes that now the scalar field
possesses a 2-kink-like profile. Again, the energy density
presents an even deeper split when we vary the parameter k1,
where ky = 5, 5ky and k3 = k;.

4 Dirac fermion localization

In this section, we will investigate the influence of a deformed
scalar field solution on the localization of spin 1/2 fermions.
Let us then assume the following 5D Dirac action with the
Yukawa-like coupling with matter field [57-63]:

S1 = /d%/—g (YT DyW — ¢ TW), (29)
where A is a positive constant that represents the coupling

between fermions and the scalar field. It is noteworthy that
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Fig. 6 For quartic gravity (27). (a) Scalar field with k; = 1,0 - 10~2. (b) Scalar field with k; = 1,7 - 10~2. (¢) Scalar field with k; = 2,0- 1072

(d) Energy density

the scalar field ¢ must be interpreted as a background field.
Such a coupling is quite important for the brane scenario to
support normalized zero-mode for the fermionic field. Addi-
tionally, '™ represent the Dirac matrices in a curved space-
time, where T™ = h, My and {TM, TN} = 2pMVN Tt is
worth mentioning that y¢ stands for the gamma matrices in
the flat space-time. Finally, Dy; = 9y + Q2 is the covariant
derivative, with €37 being defined as follows

1

b
—om “VaVps

2 (30)

Qy =
where w‘}é’ is the spin connection. By varying the action with
respect to W, the equation of motion reads

iTY" Dy — apW = 0. (31)
In order to deal with the fermion localization, it is convenient
to consider the conformal coordinate z, where dy = eA@yy,
so that the braneworld metric is recast as

ds? = 24 (y,,dx"dx" + dz?) (32)
For this new metric, one employs the representation for
gamma matrices '™ = (e=4y#, —ie"4y*). Thus, the non-
vanishing spin connection component reads as

1.
Q, = EAV/LVAL (33)
Thus, we rewrite the Eq. (31) as
liy"d, 4+ y* (3, +24) + rp e’ W (x,2) =0 (34)

To proceed further, we apply the Kaluza-Klein decomposi-
tion with two chiralities, i.e.,

W(x,2) =) (Y1) xL.a(@) + YRa() XRA(] T
' (35)
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ﬁmmmmm&nu) TCPITSTIIL
respectively, the left-handed and right-handed components
of the 4D spinor field with mass m. Besides, there are two
scalars xr ,(z) and xg ,(z) that depend only on the extra
dimension z. In addition, one writes the properties of {1 ,
and Y¥g , as

iVMaMWL,n = myRp, iyﬂauwR,n = me,nv (36)
and

4 _ 4 _
14 1pL,n = _WL,ns Y wR,n = wR,n' (37)

Making use of the chiral decomposition as well as the above
properties, we obtain the following set of coupled equations

(3, — rpet)xL = myr, (38)
(3, +rpeMxg = —mxL, (39)

which can be rewritten in the Schrodinger-like form

(=32 + VL(@)xL = m*x1, (40)
(=32 + VR(@)xr = m* xr, 41)

where we have defined the effective potentials

Vi = (Ape™)? — 3, (Ape™), (42)
Vi = (upe™)? + 0, (Ape™). (43)

Therefore, the solution of Eq. (40) is the left-handed zero-
mode looking like

o =e M 0w, (44)

while the solution of Eq. (41) is the right-handed zero-mode
of the form

g =M 490, (45)

In the Fig. 7, we depict the behavior of effective potentials
and zero-mode for both chiralities and the scalar field profile
Eq.(18) corresponding to the solution found in the quadratic
gravity. As we can observe only the left-handed zero mode is
localized. The left-handed potential V, displays a shape of
well, which tends to a double well as we modify the parameter
k1. Similar behavior also occurs for the scalar field profiles
found in cubic and quartic gravity as seen in Figs. 8, 9 and
10.

5 Rarita—Schwinger fermion localization

In this section, we investigate qualitatively the localization of
spin 3/2 massless fermions also known as gravitinos, which

@ Springer

are described by a Rarita—Schwinger equation (for a review
on gravitino, see e.g. [78]). Likewise spin 1/2 fermion, the
gravitino field requires a suitable coupling with the back-
ground scalar field [79]. Then, we assume the 5D Rarita—
Schwinger action [75-77]

Sy = /dsx\/—_g(i Wy TMNPRID Wy

— 21Uy [TY, TN ]wy) (46)
The covariant derivative now reads
DyWg = dyWg + QyWg — Thx¥p 47)

Upon assuming the action (46), one obtains the following
equation of motion for gravitino

iTMPNPRID W, — ag[TY, TV Wy =0 (48)

Now with the metric (32) in hands, one has the nonvanishing
components for the covariant derivative (47)

. 1.
Dy, =0V, +w,¥, + AgypWVs + EAVVV4\IJP 49)
Dy, = 0, — AW, (50)

It is convenient to choose the gauge condition W4 = 0.
Thereby, we arrive at

iy "y yP1a, + yy* (o, + A)
+ 2y, Y N, (x,2) =0 (51)

Similarly to the above studied spin 1/2 fermion case, we can
write a KK chiral decomposition as follows

W, 2) = D WL ()L n(@) + Yur n (g a(2)le™"

n

(52)
where the 4D section is constrained by the gauge condition

", = y*r, = 0. Besides, the 4D equations for gravitino
look like

iV[MVVVp]B/U/va,n =mly”, y*1¥aRrn-

iy y v P19, k0 = mly?, v WaLn, (53)

and it obeys the following relation

Pl dy substituting eI K decamposition (52) into(54)
(51) and using the above properties for ¥,,; , and ¥, g ,, we
obtain the following set of coupled equations

(3 + rpeag = may, (55)
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(0; — e = —mag, (56)
which are rewritten as

(=02 + V()L = m*ay, (57)
(=82 + Vr(2)ag = mag, (58)

where we have defined the following effective potential for
gravitino

VL = (pe™)? + 9, (hpe’), (59)
Vi = (hpe™)? — 3. (hpe™). (60)

At this point, it is worth observing the relation between the

o and x, namely, ag = ¢ “ 7. Such a change promotes a
small increase in the amplitude of the zero-mode for the spin
3/2 (Fig. 11). Therefore, the behavior of the zero-mode for
the gravitino is similar to those already demonstrated for the
Dirac fermions. Unlike to spin 1/2 fermions, only the right-
handed zero-mode for gravitino is localized on the brane as
addressed previously [75-77]. On the other hand, as we can
see the effective potentials are the same for both fields with
opposing chiralities. In this sense, it would be repetitive to
graphically represent such solutions.

6 Final remarks

In this paper, we studied a five-dimensional braneworld
sourced by a single scalar field in the f(R, Q, P) modi-
fied gravity. We have considered a specific form for warp
factor to obtain a complete description of braneworld. We
obtained the matter field with deformed profile by modify-
ing the parameters that control the particular gravity model
considered in this work. To avoid any instability problems
we have treated them in the context of effective field theory.

As concrete models of f(R, Q, P) gravity, one chooses
proper functions corresponding to quadratic, cubic, and quar-
tic gravities. For each one of them, we have made a suitable
choice of the parameters so that we can generate deformed
kink-like structures. For instance, in the case of quadratic
gravity, a two-kink solution was obtained, leading to the
phenomena of brane splitting. Such phenomena can be seen
as a phase transition that the matter field suffers as it nears
the brane core. Additionally, in the case of cubic and quar-
tic gravities, it was possible to observe the emergence of
3-kink solutions, suggesting that higher-order invariants pro-
voke a richer internal structure. Moreover, upon examining
the energy density, one noted that internal structure appears
right at the brane core (the center of the energy density) in
the case of quadratic and quartic gravities. On the other hand,

the cubic gravity leads to a slight modification in the lateral
region of the energy density as we can observe in Fig. 3d.

Another issue we investigated was the localization of
fermionic fields (Dirac fermions and gravitinos) using
Yukawa-like coupling with the scalar field. In particular,
we have shown that only the left-handed zero-mode for spin
1/2 fermions is localized on the brane as it occurs in the con-
text of thick branes in GR. On the other hand, for the case of
spin 3/2 fermions, only the right-handed zero-mode is local-
ized on the brane. The localization of fermions is pivotal to
validate the physical consistency of our model.

We could extend this work with further papers by investi-
gating the stability of brane under small tensor perturbations.
In this sense, it is possible to study how the graviton mas-
sive modes would modify the Newton gravity law. Moreover,
the localization of abelian gauge fields could be analyzed.
Another issue we could investigate is the phase transitions
of field configuration utilizing the configurational entropy
framework. We plan to address these issues in forthcoming
papers.
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