
High Energy Physics Revista Mexicana de Fı́sica72030802 1–16 MAY-JUNE 2026

Vanishing into the Bulk: A Higher-Dimensional
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In the current work, the possible explanations for the disappearance of PHL 293B-LBV using higher-dimensional physics, effective field
theory, and interactions with dark matter or cosmic strings are studied. It has been proposed that PHL 293B-LBV’s disappearance is a
consequence of matter leakage into extra dimensions, which are derived through braneworld physics, effective field theory, and interactions
with dark matter or cosmic strings. Under the resonance (mΦ ≈ mΨ ∼ 10−18 GeV,gint ∼ 0.012), the star’s mass (50 M̄) decays in∼ 1

day (Γ ∼ 1.16 × 10−5 s−1). This predicts lensing shifts (∆θ ∼ 8 × 10−6 arcsec) and orbital perturbations (∆v ∼ 60 cm/s), which are
testable by LSST and Euclid, with KK graviton bounds (h < 10−40) and seems consistent with non-detection. The solutions obtained in this
work suggest the existence of bound states as well as possible resonances at specific energy levels. Those are determined bygint, mΦ, and
mΨ. From an effective field theory perspective, low-energy parameters such as coupling constants and mass terms are discussed. This work
suggests that the star’s disappearance could be a consequence of fundamental physics rather than an astrophysical anomaly. A dispersion
relation that governs matter leakage from the brane into the bulk is derived. Also, it has been shown that an imaginary component in the
energy spectrum leads to an exponential decay of the star’s observable mass. This phenomenon explains the absence of usual astrophysical
events such as supernova explosions or black hole formation. It has been found that unique and rare conditions affected the PHL 293B, but
not the nearby stars.
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1. Introduction

The sudden disappearance of massive stars without produc-
ing any observational end-of-life signatures, such as super-
novae or black holes, questions our understanding of stellar
evolution and astrophysics. Recently the observation of PHL
293B, a low-metallicity dwarf galaxy located approximately
75 million light-years away in the constellation Aquarius, ex-
hibits this kind of mysterious disappearance [1-3]. The dwarf
galaxy consists of a luminous blue variable (LBV) star, which
is one of the most massive and luminous types known. Be-
tween 2011 and 2019, astronomers observed that the spectral
signatures of the LBV star were missing [4-7]. In such disap-
pearance, neither supernova explosion nor other high-energy
events were detected, which are used except when such mas-
sive stars go off. The sudden disappearance of PHL 293B-
LBV raises various questions about the evolution and fate of
massive stars. There may be some possible explanations for
this problem including extreme dust obscuration, direct col-
lapse into a black hole, or dramatic intrinsic variability, which
remain insufficient to explain this sudden disappearance. For
the same problem, earlier we had attempted a possible solu-
tion in terms of cosmic strings and dark matter aspect [8].

Some observational challenges exist in this phenomenon.
The PHL 293B-LBV’s disappearance without typical end-of-
life signatures challenges the usual models of stellar evolu-
tion. Also, there are no gravitational effects or no changes

in the nearby regions were observed. In this study, we dis-
cuss numerous theoretical solutions which will be able to ex-
plain the disappearance event. Solutions including higher-
dimensional physics, interactions with dark matter or dark
energy fields, and the influence of topological defects such as
cosmic strings are discussed.

Higher-dimensional frameworks, like Braneworld cos-
mology, provide possible solutions not only for this case
but also for broader puzzles, such as the nature of dark en-
ergy and earlier stages of the universe. A Brane is a 4-
dimensional (3 spatial + 1 temporal dimensions) hypersur-
face where particles and fields are confined and the bulk is
a higher-dimensional spacetime [9-11]. Matter fields are in
general confined to the brane due to localization (e.g., the po-
tential wells in the extra dimensions). However, under certain
conditions, matter can propagate into the bulk [12]. By com-
bining braneworld scenarios and higher-dimensional space-
time theories, we study whether the star’s matter could have
transitioned into extra dimensions, without producing any ob-
servational consequences.

The disappearance of PHL 293B-LBV joins a list of as-
trophysical anomalies, such as Betelgeuse’s unexpected dim-
ming [13-15] that queries the present explanation. This study
introduces a distinct approach to propose a mechanism where
stellar matter transits into extra dimensions, and that can be
testable via subtle gravitational signatures. The present work
derives equations for the brane fieldΦ and bulk fieldΨ, by in-
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cluding the interaction term. We have derived the self-energy
correction to the brane field due to its coupling with bulk
modes. The decay rateΓ for the transition of brane matter
into bulk mode is evaluated. Finally, we have mapped param-
eters to map the theoretical decay timescale with astronom-
ical observations. This work aims to narrow down the gap
between theoretical physics and observational astrophysics
by presenting novel solutions for the disappearance of PHL
293B-LBV.

2. Matter leakage in braneworld models

In braneworld models, our observable universe is a 3-
dimensional brane embedded in a higher-dimensional bulk
[16-18]. Matter is usually confined to the brane, but under
certain conditions, it might propagate into the bulk. We ini-
tially model the mass leakage by the assumption of a simple
5D spacetime, where fieldsΦ and Ψ interact at the brane.
To understand this scenario more clearly we can have an as-
sumption as the 5-dimensional spacetime is flat.

ds2 = ηµνdxµdxν + dy2. (1)

Another assumption can be considered as bothΦ andΨ have
quadratic potentials.

V (Φ) =
1
2
m2

ΦΦ2, VΨ(Ψ) =
1
2
m2

ΨΨ2. (2)

HereΦ is a field that suggests matter confined to the brane
(which is associated with the star’s matter) andΨ represents
the bulk field that interacts withΦ, corresponding to energy
or mass transfer from the brane into the extra-dimensional
bulk. Further, it can be assumed that solutions can be sepa-
rated into brane and bulk components. Fourier transform for
the brane coordinatesxµ is performed as,

Φ(xµ, y) =
∫

d4k

(2π)4
eikµxµ

Φ̃(kµ, y), (3)

Ψ(xµ, y) =
∫

d4k

(2π)4
eikµxµ

Ψ̃(kµ, y), (4)

wheregint is the coupling constant that represents the strength
of the interaction between the bulk fieldΦ and the brane field
Ψ. In momentum space, the equations forΦ̃(kµ, y) is written
as,

(−k2 + ∂2
y −m2

Φ

)
Φ̃(k, y) = −gintδ(y)Ψ̃(k, 0). (5)

For Ψ̃(kµ, y), it is written as,
(−k2 + ∂2

y −m2
Ψ

)
Ψ̃(k, y) = −gintδ(y)Φ̃(k, 0). (6)

Away from the Brane (y 6= 0), the equations can be
solved forΦ̃(k, y) andΨ̃(k, y), Hence in the bulk (y 6= 0),
the delta functions vanish, and the equations simplify to:

(−k2 + ∂2
y −m2

Φ

)
Φ̃(k, y) = 0, (7)

(−k2 + ∂2
y −m2

Ψ

)
Ψ̃(k, y) = 0. (8)

The Eqs. (7) and (8) are homogeneous differential equa-
tions whose solutions are exponential functions. The general
solutions are obtained as,

Φ̃(k, y) = A(k)eλΦy + B(k)e−λΦy, (9)

Ψ̃(k, y) = C(k)eλΨy + D(k)e−λΨy, (10)

where

λΦ =
√

k2 + m2
Φ, λΨ =

√
k2 + m2

Ψ. (11)

For normalization, it is required that the fields vanish at
infinity.

Φ̃(k, y → ±∞) → 0, Ψ̃(k, y → ±∞) → 0. (12)

This results in,

A(k) = 0, C(k) = 0. (13)

Hence the solutions can be simplified into,

Φ̃(k, y) = B(k)e−λΦ|y|, (14)

Ψ̃(k, y) = D(k)e−λΨ|y|. (15)

The absolute value appears here due to the fact that the equa-
tions are symmetric undery → −y, and the delta functions
are located aty = 0. The equations can be integrated across
an infinitesimal interval aroundy = 0 to tackle the delta func-
tions, especially for̃Φ, from y = −ε to y = ε.

∫ ε

−ε

dy
(−k2 + ∂2

y −m2
Φ

)
Φ̃(k, y) = −gintΨ̃(k, 0). (16)

After simplification, for bothφ andψ can be written as,

[
∂yΦ̃(k, y)

]y=ε

y=−ε
= −gintΨ̃(k, 0), (17)

[
∂yΨ̃(k, y)

]y=ε

y=−ε
= −gintΦ̃(k, 0). (18)

The fields are continuous acrossy = 0, but their deriva-
tives have fluctuations due to the delta functions. The discon-
tinuities in the derivatives can be calculated as,

[
∂yΦ̃(k, y)

]y=0−

y=0+
= ∂yΦ̃(k, 0+)− ∂yΦ̃(k, 0−). (19)

But since the solutions are symmetric, it can be written
as,

∂yΦ̃(k, 0+) = −λΦB(k), (20)

∂yΦ̃(k, 0−) = λΦB(k), (21)

∂yΦ(k, 0+)− ∂yΦ(k, 0−) = −2λφB(k). (22)
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Hence the discontinuity is calculated as,

[
∂yΦ̃(k, y)

]y=0−

y=0+
= −λΦB(k)− (λΦB(k))

= −2λΦB(k), (23)

[
∂yΨ̃(k, y)

]y=0−

y=0+
= −2λΨD(k). (24)

From the discontinuities, the matching conditions are cal-
culated as,

−2λΦB(k) = −gintΨ̃(k, 0), (25)

−2λΨD(k) = −gintΦ̃(k, 0). (26)

But aty = 0 the boundary conditions result to,

Φ̃(k, 0) = B(k), (27)

Ψ̃(k, 0) = D(k). (28)

The substitution of Eqs. (27) and (28) into Eqs. (25) and
(26) leads to the matching conditions as

−2λΦB(k) = −gintD(k), (29)

−2λΨD(k) = −gintB(k). (30)

Substitution ofD(k) from Eq. (29) into Eq. (30) gives,

4λΦλΨB(k)
gint

= gintB(k). (31)

Hence, the dispersion relation is obtained as,

4λΦλΨ = g2
int. (32)

The substitution of Eq. (11) into the dispersion relation in
Eq. (32) gives,

√
(k2 + m2

Φ)(k2 + m2
Ψ) =

g2
int

4
. (33)

After squaring and expanding both sides, it becomes

k4 + (m2
Φ + m2

Ψ)k2 + m2
Φm2

Ψ =
(

g2
int

4

)2

. (34)

Hence the quadratic equation ink2 is written as,

k4 + ak2 + b = 0, (35)

where,

a = m2
Φ + m2

Ψ, (36)

b = m2
Φm2

Ψ −
(

g2
int

4

)2

. (37)

With quadratic relation

k2 =
−a±√a2 − 4b

2

the discriminant are computed as,

∆ = a2 − 4b = (m2
Φ + m2

Ψ)2

− 4

[
m2

Φm2
Ψ −

(
g2

int

4

)2
]

. (38)

Further simplification leads to,

∆ = (m2
Φ −m2

Ψ)2 + g2
int. (39)

Sinceg2
int ≥ 0, the discriminant∆ is always remain posi-

tive.
Also k2 is computed as,

k2 =
−a±√∆

2

=
−(m2

Φ + m2
Ψ)±

√
(m2

Φ −m2
Ψ)2 + g2

int

2
. (40)

Sincek2 must be real and non-negative, we need to con-
sider the physical root. There are two possible cases for this
solution set.

Case 1: If g2
int is large enough, the expression inside the

square root dominates, andk2 can be negative, which will
lead to imaginaryk.

Case 2: If mΦ = mΨ andg2
int is small,∆ = g2

int, and we
will obtain

k2 =
−2m2

Φ ± gint

2
. (41)

Which may yield negativek2. To understand the disap-
pearance of the star, we need to consider the time dependence
of Φ on the brane (y = 0). The time-dependentΦ field on the
brane is written as,

Φ(xµ, y = 0) =
∫

d4k

(2π)4
eikµxµ

Φ̃(k, y = 0), (42)

Φ̃(k, 0) = B(k), andB(k) have to be determined by the
matching conditions and dispersion relation. Let us assume
that the dispersion relation yields a pole atk0 = ω(k), then:

Φ(t, ~x, y = 0) ∝ e−iω(k)t+i~k·~x. (43)

If ω(k) has an imaginary part, then the field will decay
exponentially with time. The imaginary part ofω(k) corre-
sponds to the decay rateΓ is written as,

ω(k) = ωreal(k)− iΓ. (44)

Hence field will have the kinetics as,

Φ(t, ~x, y = 0) ∝ e−Γte−iωreal(k)t+i~k·~x. (45)

The Eq. (45) indicates that the amplitude ofΦ on the
brane decreases exponentially over time, which will lead to
the disappearance of the star’s matter from our observable
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universe. The coupling betweenΦ andΨ is related to the
energy that is about to transfer from the brane into the bulk
and the decay rateΓ indicates its flow. Even though the en-
ergy density on the brane decreases, the total energy (brane +
bulk) is conserved due to the exchange mediated bygint. For
the decay rateΓ to be prominent that will lead to observable
disappearance, the couplinggint should be very large. The
actionS for the gravitational field and matter is written as,

S =
∫

d4x dy
√
−g(5)

×
[

1
2κ2

5

R(5) + Lbulk + δ(y) (−σ + Lbrane)
]

. (46)

Hereκ2
5 is the 5-dimensional gravitational constant,R(5)

is the 5-dimensional Ricci scalar,Lbulk is the Lagrangian for
bulk fields,σ is the brane tension andLbraneis the Lagrangian
for brane-confined matter fields. The star’s matter can be rep-
resented as a scalar field such asΦ(xµ, y). Then the action
for Φ is written as,

SΦ =
∫

d4x dy
√
−g(5)

×
[
−1

2
gAB∂AΦ∂BΦ− V (Φ)− δ(y)gintΦΨ

]
. (47)

HereA,B = 0, 1, 2, 3, 5 (with 5 representing they co-
ordinate),V (Φ) is the potential forΦ, Ψ is a bulk field that
interacts withΦ andgint is the coupling constant for the in-
teraction. Then the equation of motion forΦ is written as,

gAB∇A∇BΦ− ∂V

∂Φ
= −gintδ(y)Ψ. (48)

Initially, it is assumed thatΦ is confined to the brane at
y = 0, and solutions can be discussed whereΦ propagates
into the bulk (y 6= 0). The coupling term−gintδ(y)ΦΨ indi-
cates the interaction between brane-confined matter and bulk
fields. With possible astrophysical conditions such as high
energy densities and specific field configurations, this inter-
action will become more important. As a result, this may
lead to, energy transfer in which the energy fromΦ is trans-
ferred toΨ. This will allow Φ to acquire momentum in they-
direction. Also, this leads to propagation into bulk, in which
Φ begins to propagate into the extra dimension. As the result,
the star will disappear from our 4D brane.

The interaction alters the standard conservation law as,

∇µTµν = −gintΨ∂νΦ. (49)

This Eq. (49) results in the non-zero divergence that indi-
cates the flow of energy-momentum from the brane into the
bulk. The bulk fieldΨ satisfies the corresponding equation of
motion as,

gAB∇A∇BΨ− ∂VΨ

∂Ψ
= −gintδ(y)Φ. (50)

The massesmΦ andmΨ are important to the kinetic be-
havior in the dynamics of the star. If they are set to values

when the dispersion relation allows for imaginaryω(k), the
decay can happen. Some core-collapse type astrophysical
processes may increasegint at least for some moment, and
that will start the decay process. The timescaleτ = 1/Γ
indicates how quickly the star becomes undetectable. IfΓ
corresponds to a timescale of years or shorter, that would
lead to an effective disappearing. When the mass undergoes a
phase transition into higher dimension, it captures no signs of
supernova explosions and blackhole formations, which is in
accordance with the non-existence of such phenomena from
PHL293B-LBV.

The mass of the star contributes to the gravitational field
on the brane. AsΦ decays, the gravitational potential would
be also decreased. The dispersion relation4λΦλΨ = g2

int as-
sumes a flat 5D spacetime (ds2 = ηµνdxµdxν + dy2),that
simplifies the boundary conditions. In a warped RS geome-
try (ds2 = e−2kyηµνdxµdxν + dy2), the field equations pro-
vide a modified form, approximately4kλΦλΨ = g2

int, where
k ∼ 1016 GeV is the curvature scale. Fory ∼ 1011 cm (stel-
lar scale),ky ∼ 10−5, and e−2ky ≈ 1, the curvature ef-
fects are negligible, that justifies the flat approximation. In
extreme cases (k ≈ mΦ), Γ increases by∼ k/mΦ, but reso-
nance dominates atmΦ ∼ 10−18 GeV.

3. Physical implications and observational sig-
natures

In terms of the braneworld theory, the RS model consists of a
single extra dimension with warped geometry. The metric is
written as, [19-22]

ds2 = e−2kyηµνdxµdxν + dy2. (51)

Herek is the curvature scale andy ranges from0 to ∞
Einstein’s equations in 5D spacetime can be written as,

GAB = κ2
5TAB (52)

HereGAB is the 5D Einstein tensor andTAB is the 5D
stress-energy tensor. Let us consider the stress-energy tensor
of the brane and the star as

TAB = T brane
AB + T star

AB . (53)

Using the Shiromizu-Maeda-Sasaki (SMS) approach
[23], the effective 4D Einstein equations on the brane can
be obtained as,

Gµν = −Λ4gµν + 8πGNTµν + κ4
5Πµν − Eµν . (54)

Here,Λ4 is the effective 4D cosmological constant,GN is
Newton’s gravitational constant,Πµν is the quadratic energy-
momentum correction andEµν is the projected 5D Weyl ten-
sor (bulk effects). The termEµν encodes the effect of the
bulk geometry on the brane and it can be able to mediate the
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energy transfer. Then the conservation equation on the brane
becomes:

∇νTµν = −κ4
5∇νΠµν +∇νEµν . (55)

Under some specific conditions,∇νEµν can be non-zero,
which leads to energy exchange between the brane and bulk.
For the present case, the conditions for matter leakage can be
discussed with the following criteria. At first, the non-trivial
Bulk Geometry may cause such leakage. A dynamic bulk
with perturbations can induceEµν to have such effects. Also
near the star, energy densities seem to be high, which will
increase bulk-brane interactions.

Here in this case the mass loss (∆M = 50 M¯) overτ =
8.64×104 s (∆M/M¯ = 50) alters gravitational effects. The
lensing shifts fromθ = 8 × 10−6 arcsec to0 (r = 1013 cm),
a ∆θ = 8 × 10−6 arcsec drops at9.26 × 10−11 arcsec/s.
These can be detectable by LSST (∼ 10−8 arcsec) or Eu-
clid (∼ 10−7 arcsec) with aligned sources. Orbital perturba-
tions provides the∆v = 60 cm/s (r = 1013 cm), which are
measurable by Euclid’s spectroscopy (∼ 1 cm/s) or LSST’s
astrometry (∼ 0.03 cm shift).

3.1. Gravitational perturbations and Kaluza-Klein
modes

We can analyze gravitational perturbations around the brane
and the role of Kaluza-Klein (KK) modes [24,25]. Let us
consider perturbationshAB around the background metric as,

ds2 = e−2ky(ηµν + hµν)dxµdxν + (1 + h55)dy2. (56)

The linearised Einstein equations for the perturbations
can be interpreted as

δGAB = κ2
5δTAB . (57)

Decay ofhµν into 4D graviton and KK modes leads to,

hµν(xµ, y) =
∑

n

ψn(y)h(n)
µν (xµ). (58)

Here h
(0)
µν is the massless 4D graviton, andh(n)

µν with
n ≥ 1 are massive KK modes. The functionsψn(y) satis-
fies the following relation

[
∂2

y − 4k∂y + m2
ne2ky

]
ψn(y) = 0. (59)

Boundary conditions at the brane (y = 0) and at infinity
(y → ∞) determine the role ofψn(y). In the RS II model,
the massless modeψ0(y) is localized near the brane, which
confirms the 4D gravity at low energies [26,27]. Massive KK
modes couple to matter on the brane and that can mediate
new interactions. At shorter distances, perhaps near to the
star, massive KK modes contribute to altering the gravita-
tional dynamics.

3.2. Star’s interaction with dark matter/dark energy
fields

We extend the model to include interactions with dark matter
(DM) and dark energy (DE) [28-31].

We can consider a scalar fieldχ which represents dark
matter, with an action as,

Sχ =
∫

d5x
√
−g(5)

[
−1

2
gAB∂Aχ∂Bχ− Vχ(χ)

]
. (60)

The interaction term can be written as,

SΦχ =
∫

d5x
√
−g(5)

[−gintδ(y)Φ2χ
]
. (61)

The interaction term allows the star’s matter fieldΦ to in-
teract with the dark matter fieldχ. The equations of motion
for Φ can be written as,

gAB∇A∇BΦ− ∂V

∂Φ
= −2gintδ(y)Φχ. (62)

The equations of motion forχ can be obtained as,

gAB∇A∇Bχ− ∂Vχ

∂χ
= −gintδ(y)Φ2. (63)

If the mass ofΦ matches the effective mass ofχ, then the
resonant conversion can occur. Energy fromΦ is transferred
to χ, which propagates into the bulk. Similarly, we can con-
sider the scalar fieldϕ which represents the dark energy, with
a potentialVϕ(ϕ) and interaction as,

SΦϕ =
∫

d5x
√
−g(5) [−gϕδ(y)Φϕ] . (64)

This solution can be able to induce a decay ofΦ into dark
energy, which will affect the star’s mass. The dark matter
density near PHL 293B isρDM ∼ 0.3 GeV/cm3 (NFW, dwarf
galaxy halo), typical at∼ 1 kpc. Formχ ∼ 10−18 GeV,
gint ∼ 0.01, ΓDM ∼ g2

intρDM/m2
χ ∼ 10−5 s−1, aligns with

Γbulk. And this suggests that the dark matter amplifies leak-
age in this low-metallicity environment.

3.3. Topological defects and cosmic strings

We can consider the interaction of the star with higher-
dimensional topological defects, such as cosmic strings or
domain walls. Cosmic strings are 1D defects which can ex-
tend into extra dimensions [32,33]. Any cosmological object
could be affected by a cosmic string passing through its po-
sition. The cosmic string may extract energy from the star as
it pass through higher dimensions. The cosmic string can be
discussed as a delta-function source and its action is written
as,

Sstring = −µ

∫
d2σ

√−γδ(5)(xA −XA(σ)). (65)

Here µ is the string tension,σ parametrizes the string
worldsheet andXA(σ) describes the string’s position.

The interaction term can be defined for this case can be
explained as,

SΦstring = −gstring

∫
d2σ

√−γΦ(xA)

× δ(5)(xA −XA(σ)). (66)
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This interaction term represents the interaction between the star’s fieldΦ as well as the cosmic string. The equations of
motion with string interaction can be obtained by modifying the equation forΦ as,

gAB∇A∇BΦ− ∂V

∂Φ
= −gstring

∫
d2σ

√−γδ(5)(xA −XA(σ)). (67)

The total action is derived as,

S = Sgravity + SΦ + Sχ + SΦχ + Sϕ + SΦϕ + Sstring + SΦstring. (68)

The action concerning the fieldsΦ, χ, ϕ, and the metricgAB can be varied. Differentiation with respect toΦ can be written
as,

δS =
∫

d5x
√
−g(5)

[
−∇A∇AΦ +

∂V

∂Φ
+ gintδ(y)Φχ + gφδ(y)φ

]
δΦ +

∫
d4x

√−g
[(∇AΦ

)
nA

]
y=0

δΦ. (69)

The strong interaction can be introduced as,

δSstring = gstring

∫
d2σ

√−γ

∫
d5x

√
−g(5)δ(5)(xA −XA(σ))ΦδΦ. (70)

The following parameters such asδS/δΦ = 0 are set to obtain the equation of motion forΦ. Differentiation with respect
to χ andϕ yields the Einstein’s field equations as,

GAB = κ2
5

(
TΦ

AB + Tχ
AB + Tϕ

AB + T string
AB + T brane

AB

)
. (71)

ForΦ energy-momentum tensor is obtained as,

TΦ
AB = ∂AΦ∂BΦ− gAB

(
1
2
gCD∂CΦ∂DΦ + V (Φ)

)
. (72)

Then the divergence of the total energy-momentum tensor is derived as,

∇BTAB = 0. (73)

However, on the brane, we have,

∇µT brane
µν = −δ(y)

(
2gintΦ∇νχ + gϕϕ∇νΦ + gstring

∫
d2σ

√−γδ(5)(xA −XA(σ))∇νΦ
)

. (74)

This shows that the conservation of energy-momentum on the brane is violated due to interactions with bulk fields and the
cosmic string. Equation forΦ is derived as,

(
¤(5) −m2

Φ

)
Φ = −2gintδ(y)Φχ0(y)− gϕδ(y)ϕ0(y)− gstring

∫
d2σ

√−γδ(5)(xA −XA(σ)). (75)

Here¤(5) is the 5D d’Alembert operator. We can introduce a Fourier transform in the 4D spacetime and expand in KK
modes iny as,

Φ(xµ, y) =
∑

n

φn(xµ)ψn(y). (76)

Similarly for χ andϕ. The mode functionsψn(y) satisfies the following relation,
(
∂2

y − 4k∂y + m2
ne2ky −m2

Φ

)
ψn(y) = −2gintδ(y)ψn(y)χ0(y)− gϕδ(y)ϕ0(y)ψn(y)− gstringδ(y − ystring)ψn(y). (77)

Hereystring is the position of the cosmic string. This is a Sturm-Liouville problem with delta-function sources. The solutions
involve Bessel functions due to the warp factore2ky. The homogeneous equation (without the delta functions) is calculated as,

(
∂2

y − 4k∂y + m2
ne2ky −m2

Φ

)
ψn(y) = 0. (78)
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Let z = mn

k eky, then the equation becomes:

(
z2 d2

dz2
+ z

d

dz
+

(
z2 − (

m2
Φ

k2
+ 4)

))
ψn(z) = 0. (79)

This is a Bessel equation. The general solution is ob-
tained as,

ψn(y) = e2ky
[
anJν

(mn

k
eky

)
+ bnYν

(mn

k
eky

)]
. (80)

HereJν andYν are Bessel functions of the first and sec-
ond kind andν =

√
4 + (m2

Φ/k2). At y = 0, we can apply
the junction conditions derived from integrating across the
delta functions.

Integrate the equation acrossy = 0 leads to,

[∂yψn(y)]y=0−

y=0+ = −2gintχ0(0)ψn(0)− gϕϕ0(0)ψn(0)

− gstringδ(ystring)ψn(0). (81)

The boundary conditions lead to a transcendental equa-
tion for mn,

F (mn) = 0, (82)

whereF (mn) depends on the Bessel functions as well as
the coupling constants. If the coupling constants are large
enough, the effective mass squared can become negative,
which will exhibit tachyonic modes and instabilities. The
time dependence ofφn(xµ) is obtained as,

(
¤(4) + m2

n

)
φn(xµ) = 0. (83)

If m2
n < 0, the solutions grow exponentially with time,

then it will lead to instability. Cosmic strings are con-
strained byµ ∼ 10−7GN (∼ 1015 GeV2, CMB) andnCS ∼
10−6 Mpc−3. In PHL 293B’s(1 pc)3 volume,PCS ∼ 10−21

over 109 yr, is rare but it is possible. Energy extraction
∼ µRstar ∼ 1048 GeV (Rstar ∼ 1011 cm) yields ΓCS ∼
10−11 s−1 (gstring ∼ 10−5). A slight increase inΓ ∼
10−5 s−1, which is consistent with a triggering event in this
isolated dwarf galaxy. Matter leakage could lead to the ex-
citation of KK graviton modes (mn ∼ 1 GeV), which would
trigger the gravitational wave emissions. However, their cou-
pling to the brane is controlled byψn(0) ∼ e−mn/k ∼ 10−16

(for k ∼ 1016 GeV), yieldsh ∼ 10−38, that is well below the
LIGO’s sensitivity (∼ 10−22 at 75 Mly). Alternatively, bulk
fields (e.g.,Ψ) absorb KK energy via interactions such as
γΨh

(n)
µν h(n)µν , and dissipates it off-brane. Both mechanisms

confirm no detectable GWs and support the smooth transition
hypothesis.

While the Braneworld model implements matter leakage
into the bulk, a few low-energy parameters remain sensitive
to high-energy scales. In the following section, we adopt
an effective field theory approach to derive these parameters.
Such adoption will reduce the need for fine-tuning.

4. Effective field theory and low-energy con-
straints

The Effective Field Theory (EFT) describes the evolution at
a given energy scale without requiring detailed knowledge
of the corresponding high-energy theory [34-36]. Parame-
ters in the low-energy EFT are obtained from the correspond-
ing high-energy theory by integrating heavy fields or modes
which are not accessible at low energies. We can introduce
the EFT method to derive the required coupling constants and
mass parameters in our low-energy model. That will reduce
or eliminate the need for fine-tuning. We can assume that
our universe is embedded in a higher-dimensional spacetime
with extra dimensions compactified at a high energy scale
MUV . Also, we can assume that the high-energy fields such
as bulk fields propagate in the full higher-dimensional space-
time. Also, the fields are assumed to be confined to the 4D
brane (our observable universe).

The total action is written as,

Shigh = Sbulk + Sbrane+ Sinteraction. (84)

The bulk action is derived as,

Sbulk =
∫

d4x dny
√
−G

×
[
1
2
∂MΦH∂MΦH − 1

2
M2

HΦ2
H

]
. (85)

HereΦH is a high-energy scalar field propagating in the
bulk andMH is the high mass scale associated withΦH . The
brane action is obtained as,

Sbrane=
∫

d4x
√−g

[
1
2
∂µφL∂µφL − 1

2
m2

Lφ2
L

]
. (86)

HereφL is the low-energy scalar field localized on the
brane which represents the star’s matter field, andmL is the
bare mass ofφL. The interaction term is written as,

Sinteraction=
∫

d4x dny
√
−G

×
[
−λHδ(n)(y)φL(xµ)ΦH(xµ, y)

]
. (87)

HereλH is the high-energy coupling constant andδ(n)(y)
is the Dirac delta function that localizes the interaction at
ya = 0. We can integrate out high-energy degrees of free-
dom by obtaining an effective action forφL by integrating
out ΦH . Which will result in an effective field theory, those
are valid at energiesE ¿ MH .

The partition function is written as,

Z =
∫
DΦHDφL ei(Sbulk+Sbrane+Sinteraction). (88)

The effective action forφL is derived as,

eiSeff[φL] =
∫
DΦH ei(Sbulk+Sinteraction). (89)
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For the quadratic approximation let us assumeΦH is a
free field (ignoring self-interactions), and the interaction is
linear inΦH . The action is derived as,

Stotal[ΦH ] =
1
2

∫
d4x dny ΦH

(−¤(4+n) −M2
H

)
ΦH

−
∫

d4xλHφL(x)ΦH(x, y = 0). (90)

Hence we can integrate outΦH as,

Seff[φL] = Sbrane− i

2

∫
d4x d4x′

× λ2
HφL(x)GF (x− x′)φL(x′). (91)

HereGF (x−x′) is the Feynman propagator forΦH eval-
uated aty = y′ = 0.

The non-local term can be approximated at low energies
which will lead to an effective local interaction. The effective
interaction term is written as,

S int
eff = −

∫
d4x

λ2
H

2M2
H

φ2
L(x). (92)

The effective mass correction is done as,

δm2
L =

λ2
H

M2
H

. (93)

The effective coupling constants in the low-energy theory
arise from the high-energy parameters as,

λeff =
λ2

H

M2
H

. (94)

This equation provides a natural hierarchy ifMH is large
compared toλH .

The Beta Function form2
L is obtained as,

βm2
L

=
d(m2(µ))
d(lnµ)

= −λeff

(
M2

H

8π2

)
. (95)

The Beta Function forλeff can be written as,

βλ =
dλ

d(ln µ)
=

3
(2π)2

λ2. (96)

Initial conditions are calculated as,

m2
L(MH) = m2

L + δm2
L, λeff(MH) = λeff. (97)

The running mass and coupling are derived as,

m2
L(µ) = m2

L(MH) +
∫ µ

MH

βm2
L

µ
dµ, (98)

λeff(µ) = λeff(MH) +
∫ µ

MH

βλeff

µ
dµ. (99)

The suppression ofλeff can be discussed as, ifλH is of or-
der 1 andMH is large (MH À mL), λeff becomes naturally

small. For example, let us haveλH ∼ 1, MH ∼ 1016 GeV,
mL ∼ 100 GeV, then,λeff ∼ (1/(1016 GeV)2), which is a
very small number. The smallness ofλeff andδm2

L emerges
from the hierarchy betweenMH andmL, without requiring
precise adjustments. Effective Low-Energy Theory for the
Star’s Disappearance can be derived below with the help of
the following steps.

The low-energy Lagrangian can be derived as,

Leff =
1
2
∂µφL∂µφL − 1

2
m2

Lφ2
L −

λeff

2
φ2

L. (100)

The total effective mass is derived as

m2
eff = m2

L + δm2
L = m2

L +
λ2

H

M2
H

. (101)

If m2
eff < 0, the fieldφL becomes tachyonic, then it will

lead to instability and exponential growth or decay. Since
λeff is small due to the highMH , then achievingm2

eff < 0
requires less fine-tuning. The growth rate is calculated as,

φL(t) ∝ eγt, γ =
√
−m2

eff. (102)

If m2
eff ∼ −(10−3 eV)2, thenγ ∼ 10−3 eV ∼ 1011 s−1.

The disappearance time scale can be calculated as,τ ∼
1/γ ∼ 10−11 s, which is too short. Such low valuesm2

eff
can be achieved without fine-tuning due to the suppression
by MH .

From the above calculations, it can be observed that the
large separation betweenMH andmL leads to small effective
couplings and mass corrections. It also states that the low-
energy parameters arise from the high-energy theory with-
out the need for arbitrary fine-tuning. In addition to these
the EFT method, the low-energy theory is insensitive to the
changes of the high-energy theory beyond theMH . Small
coupling constants and mass corrections are available due to
the suppression by the high-energy scaleMH . By differenti-
atingMH andλH , we can achieve disappearance time scales
that will be consistent with observations. The EFT method
predicts that the solutions do not introduce large couplings or
masses that conflict with the standard model.

To reconcile the largegint required for a decay timescale
of years with the smallλeff (from EFT), we propose a
resonant dynamics mechanism. Due to the star’s possi-
ble unique internal structure,ifmΦ ' mΨ the decay rate
Γ ∼ (g2

int/[|m2
Φ −m2

Ψ|]) increases heavily without any large
bare coupling. For|m2

Φ − m2
Ψ| ∼ 10−16 GeV2 andgint ∼

10−8, Γ ∼ 10−8 s−1, yieldingτ ∼ 107 s, consistent with ob-
servations. While EFT predictsλeff ∼ (λ2

H/M2
H) ∼ 10−32

for MH ∼ 1010 GeV, local astrophysical conditions (e.g.,
resonance betweenΨ andΦ) can amplify the effective cou-
pling near the star.

As we have derived consistent effective field theory so-
lutions that discuss the essential low-energy behavior, we
are now able to expand our calculation to a full(4 + n)-
dimensional spacetime. This higher-dimensional analysis not
only reaffirms our earlier results but also provides better per-
spectives into the relationship between extra-dimensional dy-
namics and observable astrophysical signatures.

Rev. Mex. Fis.72030802



VANISHING INTO THE BULK: A HIGHER-DIMENSIONAL EXPLANATION FOR THE DISAPPEARANCE OF PHL 293B-LBV 9

5. Higher-dimensional analysis of star disap-
pearance

Lets discuss the(4 + n)-dimensional spacetime with coordi-
natesxM = (xµ, ya), where,xµ (µ = 0, 1, 2, 3) are the con-
ventional 4D spacetime coordinates andya (a = 1, . . . , n)
are the extra-dimensional coordinates.

The metricGMN of the bulk spacetime is derived as

ds2 = GMNdxMdxN

= gµν(x, y)dxµdxν + hab(x, y)dyadyb. (103)

For trivial solutions, we assume that the extra dimensions
are compact and that the metric factors as:

ds2 = gµν(x)dxµdxν + hab(y)dyadyb. (104)

Heregµν(x) is the metric on the brane andhab(y) is the
metric in the extra dimensions. The total action can be writ-
ten as,

S = Sgravity + Sbrane+ Sbulk + Sinteraction. (105)

The bulk gravity action is then obtained as

Sgravity =
1

2κ2
(4+n)

∫
d4x dny

√
−GR(4+n). (106)

Here κ2
(4+n) is the gravitational coupling constant in

(4+n) dimensions,R(4+n) is the(4+n)-dimensional Ricci
scalar andG = det(GMN ) is the determinant of the bulk
metric. We consider a scalar fieldΦ(xµ) confined to the
brane, which represents the matter content of the star and it
leads to brane matter action as,

Sbrane=
∫

d4x
√−g

[
−1

2
gµν∂µΦ∂νΦ− V (Φ)

]
. (107)

Hereg = det(gµν) is the determinant of the brane metric
and -V (Φ) is the potential energy of the scalar field. We can
consider a bulk scalar fieldΨ(xµ, ya) that interacts with the
brane field as,

Sbulk =
∫

d4x dny
√
−G

×
[
−1

2
GMN∂MΨ∂NΨ− U(Ψ)

]
. (108)

The interaction betweenΦ andΨ is localized on the brane
can be dericed as,

Sinteraction= −
∫

d4x
√−g

×
∫

dny
√

h δ(n)(y) λΦ(xµ)Ψ(xµ, ya). (109)

Hereδ(n)(y) is then-dimensional Dirac delta function,
localizing the interaction atya = 0, λ is the coupling con-
stant betweenΦ andΨ andh = det(hab) is the determinant

of the extra-dimensional metric. Differentiating the total ac-
tion with respect to theΦ leads to

δS

δΦ
= 0 =⇒ ¤(4)Φ− dV

dΦ
= −λΨ(xµ, ya)

∣∣∣∣
ya=0

. (110)

Here¤(4) = gµν∇µ∇ν is the 4D d’Alembert operator.
Differentiating the action with respect toΨ provides,

δS

δΨ
= 0 =⇒ GMN∇M∇NΨ

− dU

dΨ
= −λΦ(xµ)δ(n)(ya). (111)

Let us solve the equations of motion. Initially, we can
derive the bulk scalar fieldΨ by assuming thatU(Ψ) is neg-
ligible or Ψ is massless (dU/dΨ = 0).

GMN∇M∇NΨ− dU

dΨ
= −λΦ(xµ)δ(n)(ya). (112)

We can analyze the Fourier transform in the extra-
dimensional coordinates as

Ψ(xµ, ya) =
∫

dnp

(2π)n
eipaya

Ψ̃(xµ, pa). (113)

By assumingGµν = gµν (bulk metric reduces to brane
metric in µ, ν indices) and substituting into the equation of
motion leads to,

Gµν∇µ∇νΨ̃(xµ, pa)

+ habpapbΨ̃(xµ, pa) = −λΦ(xµ). (114)

Then the equation becomes,
(
¤(4) + p2

)
Ψ̃(xµ, pa) = −λΦ(xµ), (115)

wherep2 = habpapb. We can be able to solve for̃Ψ as,

Ψ̃(xµ, pa) = −λ
1

¤(4) + p2
Φ(xµ). (116)

Reconstruction ofΨ by using inverse Fourier transform
can be done as,

Ψ(xµ, ya) = −λΦ(xµ)
∫

dnp

(2π)n

eipaya

¤(4) + p2
. (117)

SubstitutingΨ back into the equation forΦ leads to,

¤(4)Φ− dV

dΦ
= λ2Φ(xµ)

∫
dnp

(2π)n

1
¤(4) + p2

. (118)

The integral overpa gives an effective self-energy term,

Σ(¤(4)) =
∫

dnp

(2π)n

1
¤(4) + p2

. (119)
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Evaluation ofΣ(¤(4)) by using dimensional regulariza-
tion leads to,

Σ(¤(4)) = Cn

(
¤(4)

)(n−2)/2

, (120)

whereCn is a constant depending on the number of extra di-
mensionsn. For n > 2, the integral converges. Then the
modified Equation forΦ becomes,

[
¤(4) + λ2Cn

(
¤(4)

)(n−2)/2
]

Φ(xµ)− dV

dΦ
= 0. (121)

This is a non-local equation due to the fractional power of
¤(4). By assumingV (Φ) = (1/2)m2

ΦΦ2, we may construct
the plane-wave solutions regarding the dispersion relations in
the modified equations.

Φ(xµ) = e−ikµxµ

. (122)

Substituting into the equation leads to,
(
−k2 + λ2Cn(−k2)(n−2)/2 + m2

Φ

)
Φ(xµ) = 0. (123)

The effective mass is changed as

m2
eff(k

2) = m2
Φ − λ2Cn(−k2)(n−2)/2. (124)

If m2
eff(k

2) < 0 for somek2, the solutions grow exponen-
tially. This indicates a possible instability. In certain cases,
the effective mass squared acquires an imaginary part due to
analytic continuation as,

(−k2)(n−2)/2 = |k2|(n−2)/2e−iπ(n−2)/2. (125)

This introduces an imaginary part ifn is odd. The de-
cay rateΓ can be extracted from the imaginary part of the
self-energy:

Γ =
1
E

Im[m2
eff(k

2)]. (126)

HereE is the energy of the field mode. The coupling to
bulk modes leads to a decay of brane-localized matter into the
bulk. The star’s matter fieldΦ loses energy to the bulk field
Ψ, which reduces the star’s mass in our observable universe.
The timescaleτ over which the star disappears is related to
the decay rate as

τ =
1
Γ

. (127)

The self-energy integral is evaluated using dimensional
regularization as,

Σ(¤(4)) =
∫

dnp

(2π)n

1
¤(4) + p2

, (128)

Let s = −¤(4) (we may assume¤(4) acts on the plane
wavee−ikµxµ

and yields−k2).

Then

Σ(s) =
∫

dnp

(2π)n

1
s + p2

. (129)

Using standard methods the integral is obtained as,

Σ(s) =
1

(4π)n/2
Γ

(
1− n

2

)
s(n/2)−1. (130)

HereΓ(z) is the gamma function.
In general, the imaginary part arises whens > 0 (i.e., for

k2 < 0, corresponding to time-like momenta).
Then the total decay rate for oddn is derived as,

Im[Σ(s)] =
s(n/2)−1

(4π)n/2
π(−1)(n−1)/2. (131)

The decay rate per unit volume is derived as,

Γ = λ2Im[Σ(s)] = λ2 s(n/2)−1

(4π)n/2
π(−1)(n−1)/2. (132)

Sinces = E2 for the field mode, the total decay rate is
then calculated as,

Γ = λ2 En−2

(4π)n/2
π(−1)(n−1)/2. (133)

Forn = 1, n = 3, etc.,(−1)(n−1)/2 = (−1)k wherek is
an integer.

The decay rate is supposed to be positive and the imag-
inary part of the self-energy should be positive for physical
decay. The decay rate depends on the energyE of the field
mode as well as the number of extra dimensionsn. We can
assume that the PHL 293B-LBV’s matter field has an energy
scaleE ∼ mΦ and has the decay rate as,

Γ ∼ λ2 mn−2
Φ

(4π)n/2
π. (134)

The disappearance takes the timescale as,

τ ∼ 1
Γ
∼ (4π)n/2

λ2πmn−2
Φ

. (135)

For largeλ or smallmΦ, τ becomes small, which will
lead to the sudden disappearance of the star.

For numerical estimations we can assume thatn = 2 as
extra dimensions, and energy scaleE ∼ 109 GeV, which are
obtained fromρΦ ∼ 6.25 × 1038 GeV4 (Mstar ∼ 50 M¯,
Vstar ∼ 4 × 1033 cm3). These parameters show PHL 293B-
LBV’s core scale.

Then it can be estimated as,

Γ ∼ g2
int

(4π)n/2
πEn−2. (136)

For n = 2, this reduces toΓ = g2
int/4π. Targeting

τ ∼ 8.64×104 s (1 day), consistent with the rapid disappear-
ance observed between 2011 and 2019, we fixΓ = 1/τ =
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1.16× 10−5 s−1. Then we can solve as,

Γ ∼ g2
int

4π
= 1.16× 10−5 s−1, (137)

g2
int ∼ 4π × 1.16× 10−5

≈ 1.457× 10−4 s−1, gint ≈ 0.012 (138)

SoΓ ∼ 1.16× 10−5 s−1, and the timescaleτ ∼ (1/Γ) ∼
8.64× 104 s.

Thisgint ≈ 0.012 aligns with resonant improvement, such
as mΦ ≈ mΨ ∼ 10−18 GeV, that amplifies small EFT
couplings locally. Earlier calculations with particle scales
(mΦ ∼ 100 GeV,gint ∼ 1) providesτ ∼ 10−24 s, and stellar
mass scales (mΦ ∼ 1057 GeV,gint ∼ 10−4) gaveτ ∼ 107 s.
Both of these parameters are inconsistent with the observed
sudden loss. The revisedτ ∼ 1 day reflects an LBV instabil-
ity that leads to rapid leakage.

Hence,

gint ≈ 0.012. (139)

This suggests that the coupling constantgint is relatively
small, which is consistent with astrophysical conditions, and
it shows the leakage over 1 day. The disappearance time
scaleτ = 1/Γ is highly dependent on the choice of the mass
scalemΦ and the coupling constantλ. If mΦ corresponds
to a fundamental particle scale (∼ 100 GeV), the resultant
timescale will be on the order of10−24 s. This is a very
short time to explain an astronomical disappearance. Any-
how, for mΦ ∼ M¯ ∼ 1057 GeV andλ ∼ 10−7, the de-
cay timescale exists parallel with the observations (∼ 107

years). This suggests that the process is only opt for massive
astrophysical objects, and fundamental particles or low-mass
systems will not exhibit such rapid decay. Warped geome-
try modifiesΓ by ∼ k/(k + mΦeky) ∼ 1 (ky ∼ 10−5),
preservingτ ∼ 1 day. Noticeable curvature effects require
k ∼ 10−18 GeV, which is not common for RS brane, and this
confirms the flat spacetime for PHL 293B-LBV. By changing
Γ = (λ2/4π) for τ ∼ 1 day(8.64×104 s), we are able to find
Γ ∼ 1.16 × 10−5 s−1. This corresponds toλ ∼ 0.012, with
an energy scaleE ∼ 109 GeV derived fromρΦ. This rapid
leakage, indicated by the shortτ , reflects a rapid instability
of the LBV. This shortτ amplifies observable signatures and
improves the testability of the solutions by comparing it with
the prior estimates (e.g., τ ∼ 8 years). The change ofgint

(10−3 to 0.1) shifts theΓ from 10−9 to 10−3 s−1 (τ ∼ 107 to
102 s), alsomΦ±1018 GeV varies theΓ ∼ 10−4 to 10−6 s−1

(τ ∼ 103 to 10 s) via unsettled resonance. The analysis con-
firms τ ∼ 8.64 × 104 s (∼ 1 day) with mΦ ∼ 10−18 GeV
(from ρΦ), which matches with the observations.

6. Compatibility with experimental and cos-
mological bounds

To validate the proposed solutions of PHL 293B-LBV’s dis-
appearance via matter leakage into extra dimensions, we en-
quire its compatibility with experimental and observational

constraints, especially those discussed inReview of Particle
Physics[37].

(i) Laboratory constraints on large extra dimen-
sions: Short-distance precision experiments, such as
the torsion balance experiments by the Eöt-Wash group
[38,39], have tested deviations from Newtonian grav-
ity down to∼ 55 µm. These results exhibit bounds on
the compactification radiusR of flat extra dimensions
in ADD-type models. Forn = 2 extra dimensions,
the 5D Planck scaleM5 must satisfyM5 & 3.5 TeV.
In our solution, although the geometry is warped (RS-
type), we analyse the leakage using an effective decay
rateΓ ∼ 1.16× 10−5 s−1 and a couplinggint ∼ 0.012
at mass scalemΦ ∼ 10−18 GeV. This corresponds to
an effective Planck scaleM∗ & 106 GeV, which is con-
sistent with both collider and tabletop bounds.

(ii) Collider constraints (LHC, LEP): At the LHC, sig-
natures of large extra dimensions would appear as
missing energy events from graviton emission into the
bulk. The CMS and ATLAS collaborations have set
lower bounds onMD for various n, ranging from
MD > 5.3 TeV for n = 2 to MD > 3.5 TeV for n = 6
[40,41]. The LEP bound on effective operators from
virtual graviton exchange requiresMD & 1.5 TeV
[42]. Since our solution predicts a gravitational wave
amplitudeh ∼ 10−38 and exhibits coupling to modes
with mass∼ 10−18 GeV (not accessible to collider
energies), it remains safely below detectable thresh-
olds. No events at LHC energies would result from this
leakage process, thus satisfying current collider con-
straints.

(iii) Cosmological constraints: BBN, CMB, and large-
scale structureEnergy loss into extra dimensions must
not disrupt early-universe scenarios such as Big Bang
Nucleosynthesis (BBN) or Cosmic Microwave Back-
ground (CMB) anisotropies. BBN constrains the num-
ber of relativistic degrees of freedomNeff . 3.46 at
95% CL [43], while Planck 2018 data places bounds
on tensor modes and extra-dimensional gravitational
leakage [44]. The obtained decay phenomenon occurs
post-star formation (at redshiftsz ∼ 0.01), far after the
BBN epoch (z ∼ 109). The leakage is confined to iso-
lated high-density environments and involves no rela-
tivistic degrees of freedom at the time of BBN. Hence,
the solutions do not perturb primordial element abun-
dances or CMB spectra.

(iv) Constraints from Gravitational Waves and KK
Modes: The excitation of Kaluza-Klein (KK) gravi-
tons can usually result in gravitational wave (GW) sig-
nals. However, the amplitude depends on the wave-
function overlap at the brane,ψn(0) ∼ e−mn/k ∼
10−16 for mn ∼ 1 GeV andk ∼ 1016 GeV [45]. The
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effective GW strain ish ∼ 10−38, well below the de-
tection threshold of LIGO (hmin ∼ 10−22) and LISA
(hmin ∼ 10−20) [46,47]. Also, KK graviton emis-
sion into the bulk does not hold energy on the brane,
and that avoids indirect constraints from observed X-
ray/gamma-ray fluxes. Thus, our solution is compliant
with the null results from multimessenger astrophysics.

Hence the combined analysis across lab experiments, as-
trophysical non-detections, and GW bounds confirms that our
proposed decay process that has a weak couplinggint ∼ 0.012
and mass scalemΦ ∼ 10−18 GeV, does not conflict with any
known bounds. This provides a consistent theoretical ground
for explaining PHL 293 B-LBV’s disappearance via extra-
dimensional kinetics.

7. Discussion

The simulation shown in Fig. 1 is based on the higher-
dimensional model where our universe is a brane embedded
in a higher-dimensional bulk. Here the scalar fieldΦ rep-
resents the star’s matter, confined to the brane. The bulk
field Ψ interacts withΦ, which lets the energy transfer from
the brane to the bulk. Over the exponential period, the am-
plitude of Φ on the brane decreases, which shows that the
star’s matter drops off from our observable universe. The
bulk field Ψ becomes increasingly excited, which indicates
the matter transitioning into extra dimensions. The transi-
tion process is smooth, without violent interactions or energy
releases that would produce observable signatures. HereΨ
remains near zero initially but increases over time, especially
near the brane (aty = 0). Also, it shows that the scalar fieldΦ
shows that the star’s matter decreases rapidly over time and
the energy transfer which progresses towards the bulk field
Ψ is smooth, with no explosive or high-energy scale events.
Nearby stars or planets might have experienced changes in
their orbits due to the sudden change in the mass. Anyhow
no observational data is available for this perspective. In this
case of a missing star, the lack of supernova explosions or the
no formation of a black hole exists parallel with the matter
leakage scenario. The consistency of these solutions exists in
the observational aspects. It confirms the LBV’s disappear-
ance without regular end-of-life signatures. From the solu-

tions we discussed related to this problem, we may ask the
following question, why are nearby stars not affected by the
same solutions? For this question, we may discuss various
answers. The disappearance of a star through matter leakage
into extra dimensions requires unique local conditions. The
star might had an extreme internal state, such as a different
critical energy density or temperature. The star’s properties
might have aligned with resonant conditions that induce the
leakage. LBV stars are in a late evolutionary stage, may indi-
cate variability and instability. Also, PHL 293B might have
gone through various unobserved events such as mass ejec-
tions which set the stage for the leakage. Also If the mass
loss happens slowly over a period (e.g., months to years),
gravitational effects on nearby objects would be minimal and
possibly undetectable with even an array of instruments.

It can be predicted that the cosmic strings (µ ∼ 10−7GN ,
PCS ∼ 10−21) and dark matter (ρDM ∼ 0.3 GeV/cm3) as
rare or supplementary drivers. PHL 293B’s isolation and in-
stability match these constraints, to explain its unique leak-
age. The uniqueness of PHL 293B-LBV’s leakage arises
from rare conditions. Statistically, resonance (mΦ ≈ mΨ ∼
10−18 GeV) requires|mΦ − mΨ| < 10−19 GeV. With
ρcore ∼ 1028 GeV/cm3 (Mstar ∼ 50 M¯, Rcore ∼ 109 cm)
and mΦ ∼ ρ

1/4
core, assuming a log-normalmΦ distribution

(σ ∼ 1 dex) across∼ 100 LBVs, Pres∼ 10−2, that indicates
∼ 1–2 such events available in galaxy-wide aspect. PHL

FIGURE 1. Exponential decay of the brane fieldΦ over time.

FIGURE 2. Spatial growth of the bulk fieldΨ near the brane.
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TABLE I. Summary of the solutions.

Parameter Value Description

gint 0.012 Resonant coupling

mΦ, mΨ 10−18 GeV Field masses

τ 8.64× 104 s Decay timescale

Γ 1.16× 10−5 s−1 Decay rate

∆θ 8× 10−6 arcsec Lensing shift

∆v 60 cm/s Orbital shift

h < 10−40 KK GW strain

293B’s low metallicity may enhanceρcore, favoring reso-
nance. Dynamically, no companions within∼ 1 pc (stel-
lar density∼ 0.1 pc−3) and τ ∼ 1 day limit perturbations
(∆v ∼ 10−6 cm/s at1 pc), that explains why nearby stars
remain unaffected. KK emission (h ∼ 10−37 - 10−41)
matches with LIGO non-detection [48], which is constrained
by weak brane coupling (ψn ∼ 10−16) [49]. Future LISA
observations could test higher amplitudes (h > 10−20) if
mn < 10−5 GeV, which will provide a bulk signal probe.
Falsifiability is available in these predictions. No lensing
shift > 10−6 arcsec or∆v > 0.1 cm/s, no∆θ > 10−6 arcsec
or ∆v > 0.1 cm/s during a∼ 1-day event (e.g., within 2011-
2019) in PHL 293B’s field challenges rapid leakage, con-
tingent upon the presence of suitable targets. Detection of
a supernova remnant (e.g., X-ray flare post-2011) or GWs
(h > 10−20) would disprove the bulk transition, as energy
would remain on the brane. These tests make the calculations
more precisely aligned with Gaia, HST, and future observato-
ries like LSST. The disappearance of this star might have per-
turbed gravitational lensing effects on background objects.
The future observations may offer greater insights regarding
anomalies in lensing which are consistent with mass loss.
Gravitational signatures of∆M = 50 M¯ over τ ∼ 1 day
include∆θ = 8 × 10−6 arcsec and∆v = 60 cm/s, testable
with LSST’s high-cadence imaging and Euclid’s precision.
PHL 293B-LBV’s non-detection suggests observational gaps
(e.g., no close companions), but future LBV events could be
able to confirm these predictions.

8. Conclusion

The derived solutions in this work suggest that, under specific
conditions (strong couplinggint and suitable mass parameters
mΦ andmΨ), matter fieldΦ can exponentially decay from
the brane into the bulk. The calculations in this work suggest
that the nature of the transition into extra dimensions will not
make either strong electromagnetic or gravitational signals
that can be detectable with current technology. Even though
there are few constraints exist in this approach. The derived
calculations depend on the number of extra dimensionsn,
which means the increment ofn changes the decay rate more
abruptly. The total energy is conserved universally in the
higher-dimensional spacetime. But locally on the brane, en-

ergy seems to have escaped. As the star loses mass, its gravi-
tational effects weaken, which can be observed through clear
measurements of nearby objects’ motions. The bulk fieldΨ
may not interact with brane-localized fields, which makes the
direct observation a challenging task. KK graviton ampli-
tudes (h < 10−40) shows the consistency with non-detection,
with LISA probing h ∼ 10−34 for low mn [50,51], which
increases the model’s testability. A shortτ ∼ 1 day pre-
dicts lensing (∆θ ∼ 8 × 10−6 arcsec), orbital shifts (∆v ∼
60 cm/s), and GW bounds (h < 10−20), which is falsifiable
with current (Gaia [52]) and future (LSST [53], LISA [54])
instruments. Conventional signatures (supernova remnants,
GWs withh > 10−20) disprove the model and make it prac-
tical through observation. AlsomΦ ∼ 10−18 GeV (fromρΦ)
ensuresτ ∼ 1 day, which justifiesgint’s role. PHL 293B-
LBV’s isolation and rare resonance (Pres ∼ 10−2) conse-
quences its unique disappearance, which is justified by statis-
tical and dynamical analyses, and distinguish it from typical
LBVs.

From the effective field theoretical perspective, we have
derived the low-energy parameters such as coupling constants
and masses from a high-energy theory without fine-tuning.
We have explained the star’s disappearance via the emergent
instability in the low-energy scalar fieldφL due to the in-
duced negative mass squared term. The given calculations
do make specific predictions about the behavior of the scalar
field φL that can be tested observationally. The theoretical
calculations suggest the star’s matter transitions into extra di-
mensions without releasing energy into electromagnetic radi-
ation detectable by telescopes. The solutions of the present
work confirm that the disappearance timescale is consistent
with observational data. It can be clearly expressed that
mΦ ∼ M¯ is required for realistic timescales, which resolves
the role ofλ. These resolutions suggest a detailed explanation
of the missing star within the higher-dimensional solutions.

Appendix

A. Mathematical details

A.1. Evaluating the self-energy integral

A general expression is derived as,

Σ(s) =
∫

dnp

(2π)n

1
s + p2

. (A.1)

A.2. Using dimensional regularization

The formulation is applied as,

∫
dDp

(2π)D

1
(p2 + M2)α

=
1

(4π)D/2

Γ
(
α− D

2

)

Γ(α)

(
1

M2

)α−D/2

. (A.2)
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SetD = n, M2 = s, α = 1:

Σ(s) =
1

(4π)n/2
Γ

(
1− n

2

)
s(n/2)−1. (A.3)

The Gamma function has the following properties for
half-integer arguments.

Γ
(

1
2

)
=
√

π. (A.4)

For negative arguments,Γ(z) has poles, and the imagi-
nary part arises.

A.3. Decay rate calculation

For Γ = λ2/4π, with λ = 7 × 10−5, we haveΓ =
3.9× 10−9 GeV.

The decay time is given byτ = (4π/λ2) × 6.58 ×
10−25 s = 2.56 × 108 s, which is consistent with observa-
tions whenE ∼ 109 GeV that defines the LBV scale.

A.4. Observational predictions (τ ∼ 1 day)

• Lensing: ∆θ = 8 × 10−6 arcsec (M = 50 M¯,
r = 1013 cm).

• Orbital: ∆v = 60 cm/s (τ = 8.64× 104 s).

• GW: h ∼ 10−38 (mn ∼ 1 GeV).

• Γ = (λ2/4π) = 1.16× 10−5 s−1, λ ∼ 0.012.

A.5. Resonance probability

• ρcore = (Mstar/(4/3)πR3
core) ∼ 1028 GeV/cm3, mΦ ∼

10−18 GeV, Pres ∼ 10−2 (σ ∼ 1 dex, ∆m <
10−19 GeV).

• Dynamical: ∆v = (GM/r) (∆M/M) (∆t/τ) ∼
10−6 cm/s (r = 1015 cm,τ = 8.64× 104 s).

A.6. KK emission

dE

dt
=

(
G5M

2

L

) (mn

k

)2

∼ 1041 GeV/s

(mn = 1 GeV), (A.5)

h =
(

G5M
2

rc2

) (mn

k

)2

∼ 10−37, (A.6)

f =
mnc2

h
∼ 2.4× 1014 Hz, (A.7)

mn = 10−3 GeV : h ∼ 10−41, f ∼ 240 Hz. (A.8)

A.7. Warped dispersion

(
e2ky∂y

(
e−2ky∂y

)− k2 + m2
Φ

)
Φ̃ = −gintδ(y)Ψ̃, (A.9)

Φ̃ ∼ e2kyJν

(
mΦeky

k

)
, (A.10)

4kλΦλΨ ∼ g2
int, (A.11)

wherek ∼ 1016 GeV,mΦ ∼ 10−18 GeV, andy ∼ 1011 cm.

A.8. Cosmic string and dark matter

The following parameters are discussed in this work.

• Cosmic string:µ = 10−7GN , nCS = 10−6 Mpc−3,
ΓCS = g2

stringµRstar/τ ∼ 10−11 s−1.

• Dark matter: ρDM = 0.3 GeV/cm3, ΓDM =
g2

intρDM/m2
χ ∼ 10−5 s−1 (gint = 0.01, mχ =

10−18 GeV).

A.9. Sensitivity

Γ =
g2

int

|m2
Φ −m2

Ψ|
, (A.12)

where gint = 10−3–0.1, mΦ = 10−19–10−17 GeV and
τ = 102–107 s.

A.10. Simulation setup

Φ0 = 1019 GeV,σ = 1011 cm,Ψ0 = 0, solved via Eq. (45).
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