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Motivation to introduce extra dimensions REN Wisner

> Standard matter by Standard Model o

Big Bang

10~% ¢

- Electromagnetic + Weak + Strong

107 s

> Grand Unified Theory...

* GR and QFT not fit into the same picture =
* GR locally valid; curved space-time

* QFT globally valid; Minkowski il
> Possible way: smomemen 3
* Geometrization of elementary forces Compactification
* Introducing new dimensions e e
* Let's see the simplest case: d:=1 =
Kaluza - Klein space-time & dofs! 3.Space 3-Space



Kaluza-Klein spacetime R
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Kaluza-Klein spacetime REN | uisner

Usual 4D metric describing gravity

baﬁ + k2 P2 AL Ap KD? Aa_ Scalar field (S

JAB = -~
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Theodor Kaluza (1885-1954) Oskar -IKlein (1894-1977)
5D metric Vector potential of electromagnetism
time space extra dimension
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5-dimensional spacetime



Kaluza-Klein spacetime & symmetries REN | uisner

> Spherical symmetry —» O(3) symmetry

> Static picture -» g,,=0& g,.0=0

>4D gv is x> independent

> Killing transformations -» g¢=0 & g5:=0

Theodor Kaluza (1885-1954) Oskar Klein (1894-1977)

time space extra dimension

1\ 4
N

spacetime

—_——

5-dimensional spacetime



Kaluza-Klein spacetime & symmetries REN | uisner
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Effective mass from movement in 5" dimension

Particles moving in the extra dimension
possess a modified effective mass from a 3-
dimensional point of view.

Here the ground state of the Kaluza-
Klein ladder is the neutron.

M(Nexc)

re=0.15 fm

2793.8 MeV

1616.61 MeV

— n% —939.57 MeV

H
R

re=0.33fm

— A% —1113.71 MeVv

2569.8 MeV

2025.07 MeV

1520.88 MeV

2N | Giisner

tc=0.66 fm

2850.18 MeV

2569.8 MeV

2294.12 MeV

2025.07 MeV

1765.67 MeV

1520.88 MeV

1298.97 MeV

1113.71 MeV
985.99 MeV




Pro & contra of the Kaluza-Klein model

STRENGTHS

Unification First geometric unification of gravity and
electromagnetism in a single framework

Elegance U(1) gauge symmetry emerges naturally from the
geometry of the compactified circle

KK tower Predicts an infinite tower of massive excitations (KK
modes) with quantised masses mp = n/R

Technique KK reduction is a foundational tool in supergravity,
string theory, and AdS/CFT

pedagogy Exact, fully calculable model — ideal for learning
compactification and gauge geometry

Inspiration Direct conceptual ancestor of Randall-Sundrum, ADD,
and M-theory compactifications

Phenomenology Generalised KK models yield testable LHC
predictions (KK gravitons, KK gluons, radion)

Ads/crT KK spectrum on S° maps directly to CFT operator
dimensions in the Maldacena duality

H
R

=N Uisner



Pro & contra of the Kaluza-Klein model HEN | uisner

STRENGTHS

Unification First geometric unification of gravity and
electromagnetism in a single framework

Elegance U(1) gauge symmetry emerges naturally from the
geometry of the compactified circle

KK tower Predicts an infinite tower of massive excitations (KK
modes) with quantised masses mp = n/R

Technique KK reduction is a foundational tool in supergravity,
string theory, and AdS/CFT

pedagogy Exact, fully calculable model — ideal for learning
compactification and gauge geometry

Inspiration Direct conceptual ancestor of Randall-Sundrum, ADD,
and M-theory compactifications

Phenomenology Generalised KK models yield testable LHC
predictions (KK gravitons, KK gluons, radion)

Ads/crT KK spectrum on S® maps directly to CFT operator
dimensions in the Maldacena duality

WEAKNESSES

Incomplete Only unifies gravity + EM; weak and strong forces
require =7 extra dimensions

Moduli problem The extra dimension's radius R is not dynamically
fixed — an unphysical free parameter

Fermions Chiral fermion structure of the Standard Model does not
arise naturally in 5D

Non-renormalisable 5D gravity cannot be consistently quantised by
standard methods

Hierarchy Does not explain why gravity is 1038x weaker than other
forces

Ad hoc Cylinder condition (no dependence on extra coord.) is
imposed by hand, not derived

No evidence Extra dimension at R ~ £pjanck = 10~3% m is
experimentally inaccessible

Dilaton The massless scalar field (radion/dilaton) predicts an
unobserved fifth force



Modeling a compact stars (NS or pulsar) HEN wisGner

Microscopic properties of spacetime and nuclear matter
are connected to the mass-radius relation via the
Tolman-Oppenheimer-Volkoff (TOV) equation

dp(r) _  GM(r)e(r) p(f‘)] [1 .\ 4w-r3p(-r)] [1_ GM(r)]l

dr 2 e(r) M (r) r

X [1 +
M(r) = /d-r’ﬁlﬂ-rﬂa(r")
0
e Boundary conditions:
central energy density €., surface pressure p(R)
e and the equation of state (EoS)

« Connects pressure (p) and energy density (g)
+ Encodes microscopic properties of the theory




The EoS of the model 0PN | uisner

Thermodynamical potential for 3+d dimensional fermion gas

4z
Nexc d?k B . B -
Vis+ad) > > 3 / PIE X [111 (1+e B(E; ;u)) +1n (1+e 5(51,&#))]

Equal-sized extra dlmen5|ons and same Ne
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= Vo £ 55 [ e ) a1 o0)

\_.v._./
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One extra dimension (d=3):
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The EoS of the model nEN | wisner

Zero-temperature approximation:

_— 105 s = m g e
T=0 0, it E > u D R
State-variables _
; . 10!-
| 2 | 2 1 4 u+ kF £
ey = — |uk ——m“|—=-m"lo ; 3 o
0 472 HEF (,u 2 ) 2 g( m | %10_1 i
1 > 5 5\ 3 4 (u+kp) e £ =0 Mev-fm
Po= @ UKkE (:U s Em ) o+ Em log( m ; e 5. @ ——- E=500 MeV-fm3
5 —— £=1000 MeV-fm?
k3 i £ = 1500 MeV-fm3
F 10-5 SV SN -are=== —
np = 2T 10-2 10-1 100 101
3T n [1/fm?3]

Interaction, with simple repulsive potential: U(n) = én

1 p(p) = po(ft) + Pint
H= - U(ﬂ) Pint = Eint = /U(R)d?‘l — §‘£ﬂ’2

e(p) = eo(ft) + €int
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Quisner
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The EoS of the model

EoS parameters
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Increasing Nexc .

e Compactification radius: larger r. makes more stiff EoS
e Excitation state number, Ne: broaden the regions given by the r.

e Interaction coupling: by increasing = more stiff EoS



Constrains by maximal mass compact stars HEN @Ener

Setting EoS parameters for the Kaluza-Klein star

- Causality limit Name Mass, [Mg] Reference
.......................... e PSRUIG2N0 LOSMI Arsounanian etal. (019
20T FeR 0348 +0432 / 2\ s PSR J1614-2230 1.97+0:0% Demorest et al. (2010)
. PSR J0348+0432 2.0170:04 Antoniadis et al. (2013)
Tl [ £, =0 MeV-fm? \' PSR J0740+6620 2. 03+{$ o Fonseca et al. (2021)
s --- £=500 MeV- fm33 ; PSR J1810+1744 2.13+0-%% Romani et al. (2021)
o o v / PSRJ2215+5135 2277017 Linares et al. (2018)
/2_ PSRJ0514—-4002E  2.357% Barr et al. (2024)
O st : : PSR J0952-0607 2.3540- 17 Romani et al. (2022)
Nexc = 10 e — GW 190814 2. 59?3]?}; Abbott et al. (2020)

O 2 4 6 & 10 12 14 15

R [km]

— Pulsar & GW data can constrain the interaction coupling.



Constrains by maximal mass compact stars HEN wisner

Setting EoS parameters for the Kaluza-Klein star
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— Pulsar & GW data can constrain the interaction coupling.



Allowed regime for Kaluza-Klein stars HEN

Maximal-mass pulsar data constrained EoS parameters can fix r. value.

Quisner

R & GUT N

Allowed regime for observation in KK stars

ADD LED (TeV)

Precision GR

Astrophysics

10718 10716 10714 10712 1010 10~8 10°® 104
Size of the extra dimension(s) [m]

— One large extra dimension with r. > 0.2 fm is allowed in pulsars.



What if we have multiple dimensions 0PN | uisner

Maximal-mass pulsar data may also fix the number of extra dimensions.
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If allowed can one see a signature?

Speed of sound can be calculated
from the EoS:

2_ Op
“ 7 B )

This simple model has tiny effect,
but present, that the conformal limit
is dependinng on the

— The conformal limit is sensitive to
the number of extra dimensions.

=N Uisner
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Summary - outlook REN | uisner

* Kaluza-Klein Compact star model

— Consistent model to test the possible unification and the extra dimensional
compact star EoS parameters can be fixed by maximam mass pulsar or GW data.

— Kaluza-Klein compact star can exist with r.>0.2 fm
— Multiple dimensions allows r.>0.4 fm compactification radius.

— Speed of sound is sensitive to the number of extra dimensions.

* Qutlook

— More sophisticated EoS model and rotation can be included — better pulsar and
speed of sound model.

— Bayesian fixing of the EoS data parameters — provide more precise constrains.

— Measurement of the pulsar by oscillations or cosmic particles = more insight.
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