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Abstract. As a matter of fact, string theory remains a widely analyzed and investigated target in
theoretical physics in recent years. In retrospect, the high expectations of string theory when it first
appeared contrast with its unachievable requirement of experimental validation at a first glance.
Throughout decades of evolution, string theory has developed some more mature applications in
string cosmology and string phenomenology rather than just looking for a direct verification of its
existence. With this in mind, this study focuses on the specific theories the bosonic string theory has
evolved to, and how they are applied in modern theoretical physics, including the string inflation
models, KKLT scenario and F-theory. In addition, plausible experiments and its connection with
gravitational waves is also discussed, along with the impact of machine learning on evidence seeking
of strings. According to the analysis, the state-of-art results are demonstrated and the current
limitations as well as prospects are discussed.
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1. Introduction

The understanding of the fundamental laws of Nature is surely incomplete until general relativity
and quantum mechanics are successfully reconciled and unified [1]. String theory, with an ambition
of unifying all fundamental forces and encompassing quantum gravity, has become one of the most
mathematically advanced frameworks in contemporary theoretical physics throughout decades of
construction. According to Polchinski, whether one starts with the divergence problem of quantum
gravity, with attempts to account for the patterns in the Standard Model, or with a search for new
symmetries or mathematical structures that may be useful in constructing a unified theory, one is led
to string theory [2].

In the late 1960s, the idea of string theory had an initial purpose of explaining the strong nuclear
force and hadrons. This is the earliest string model, bosonic string theory, which attempted to give
proposition that all particles are fundamentally described by strings living in one-dimensional space
with different vibrational modes. However, some severe limitations appeared such as tachyons,
guantum anomalies, and the requirement of 26 spacetime dimensions. These issues have brought the
birth of superstring theory, which reduces the spacetime to 10 dimensions and developed the idea
of supersymmetry (SUSY) with 5 different self-consistent versions: Type I, Type lIA, Type IIB,
Heterotic-O and Heterotic-E. Later in the 1990s, a revolutionary advancement of superstring theories
is brought up by Edward Witten, called M-theory. Within a web of dualities, M-theory is powerful
enough to give an explanation that all five superstring theories are the corners of a single united theory
[1]. Until the early 21st century, this field of study has shown significant potential as a candidate for
the theory of everything (TOE), and has exhibited continuous growth, but it still needs experimental
confirmation [3]. However, direct detections of strings have severe limitations, most notably due to
their minuscule size. Strings have a characteristic length scale, denoted [, which can be estimated
by dimensional analysis [1]. As strings are the most fundamental unit, their size is roughly estimated
to be around the Planck scale, where the Planck length is
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The problem arises as “experiments at energies far below the Planck energy cannot resolve
distances as short as the Planck length” [1]. Alternatively, avoiding direct measurements and seeking
indirect experimental evidence is often more practical. There are various approaches to investigating
this, indications of extra dimensions may emerge from experiments on gravitational inverse-square
law at short ranges, while potential hints of SUSY could also appear during high-energy particle
accelerator experiments. However, from Fermilab to the Large Hadron Collider (LHC) and beyond,
validations of string theory still appear to be absent, which again, highlights the ongoing challenges
in verifying this framework.

The purpose of this paper includes synthesizing a collection of the most recent breakthroughs on
string theory, as well as offering an overview of the latest experimental attempts and possible
evidence that may support these theories, thereby providing a comprehensive summary and a clearer
picture of the direction in which the field is heading. A general description of string theory,
superstring theory, M-theory and essential mathematical concepts will be provided in the section 2,
Descriptions of String Theory, and more advanced models as well as proposed experimental
verification will be discussed in depth in section 3, String Cosmology, section 4, F-theory and section
5, Advanced Experiments respectively. Sections 6 and 7 contains limitations, prospects and a
conclusion of all above.

2. Description of String Theory

This section presents the general features of the bosonic string theory, the transition to superstring
theories and M-theory.

2.1. Bosonic String Theory

Bosonic string theory is the earliest model that assumes particles are in essence strings rather than
point-like particles “as physicists tried to understand certain regularities of the hadronic S-matrix”
[4]. The fundamental particles, such as photons and electrons, can all be represented by different
modes of vibrations of strings. These modes determine the spin, mass, and other properties of the
particles. Consider a particle moving through space. As it moves, it sweeps out a path called a world
line [4]. Now, for a motion of a string, it instead traces out a surface that is two-dimensional, known
as a world sheet. According to Dine [4], to compute the invariant action, it is useful to introduce a
two-dimensional metric, y,g

T
S = d*a\=yy® 0,X" g X"y 3)
And take the space-time of a flat space,

r=n=(3" ) @

This is the basic mathematical formulation of bosonic strings. To simplify this action, choose a
specific form for the metric on the worldsheet, known as the conformal gauge. This is allowed as
there is a large symmetry group within this action

Y =e’n (5)
The dependence of scalar factor e? is removed by absorption, so the action becomes
T
§=—2[d*an™ 0,X" dpX,n, (6)
According to Polchinski [2], from setting the variation 6S = 0, varying y,z leads to the equation

of motion
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And varying X* leads to the equation of motion, or the world sheet equation
0a(V=rY P 0pX") = (V=Y)VZX* = 0 (8)

Here, T,z represents the stress-energy tensor on the world sheet, which describes the energy and
momentum. As this term vanishes, it indicates there is no net flow of energy or momentum on the
world sheet. This condition ensures the symmetry of the physical states and is crucial for maintaining
conformal invariance. Meanwhile, aa(\/—_yyaﬁ 6bX”) = 0 describes the mode, propagation and
how strings evolve in space-time. Intuitively, it implies that the string’s motion is governed by the
geometry of the world sheet.

The quantization allows the different modes of the string to be associated with distinct quantum
states, where each mode can correspond to a distinct particle. In essence, it is the different properties
such as mass, charge and spin that depends on vibrational modes. The entire set of all different
particles predicted from quantization can be seen as the particle spectrum, the equation of mass
spectrum is expressed as

m2=$(N+1V—a) )

Furthermore, quantization also imposes constraints to maintain mathematical consistency and
conformal invariance, so that the theory adheres to key symmetries required. Virasoro constraints, in
particular, keeps the physical states of the string consistent and free from unphysical states. When
guantizing, the mode of the string gives rise to operators that form an infinite-dimensional algebra
called the Virasoro algebra, with Virasoro operators denoted as L,, or L, for the right-moving
modes in closed strings, which is discussed following.

Strings can be decomposed into either open or closed strings. Open strings contain two endpoints
which can interact with D-branes or simply be free, depending on boundary conditions such as
Neumann boundary conditions or Dirichlet boundary conditions, shown below respectively [4]:

0,X'(7,0) = 0,X!(r,m) =0 (10)
And
X!'(7,0) = X!(r,m) = constant (11)

The quantized modes of open strings usually correspond to different particles in the standard model.

Closed strings are full loops without any endpoints, the ends are connected to each other. The
lowest-energy mode corresponds to a spin-2 particle with no mass, known as the graviton. This makes
closed strings essential in terms of explaining gravitational interactions within string theory. The
boundary conditions of closed strings must be periodic, according to Dine [4], it is mathematically
expressed as

X' (o +m1) =X (0,7) (12)

Noted that, an open string traces out a world sheet of a two-dimensional surface whereas for closed
strings, it is a cylinder or torus. Nevertheless, there is an open-closed string duality, open strings are
allowed to split or join with each other, possibly result in closed strings. This can be an implication
that gauge theories and gravity have some deep connections. Note that, the probability of joint open
strings to occur is proportional to the string coupling constant, g,.

The dimension of space-time in bosonic string theory is determined by the virasoro constraint,
conformal invariance, and the avoidance of anomalies. Together, they predict a 26-space-time
dimension. Such bosonic string theory is called critical, where the critical dimension is 26. “The
spectrum is also free of negative-norm states for a < 1 and D < 25. In these cases, the theory is
called noncritical” [1]. The 26 space-time dimensions is also obtained during quantization of the
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string, by using the light-cone gauge to eliminate non-physical degrees. To define the light-cone
gauge, it is essential to introduce light-cone coordinates:

Xt = %(X0 +XP-1), x- = %(XO — XxP-1) (13)

Where X* and X~ represent light-cone directions, X° is the time coordinate and X°~1 is one
of the spatial coordinates. Making specific gauge choices allows straightforward quantization and the
removal of non-physical states. After quantization, they showed that Lorentz invariance was
maintained only in D = 26 spacetime dimensions [3].

In bosonic string theory, due to the quantization of modes, the ground state of the string spectrum
predicts a tachyon. A tachyon is a hypothetical particle that has a negative mass-squared:

1
m? = - (14)

The presence of a tachyon suggests that the bosonic string theory has an unstable vacuum. This
instability, along with the fact that it does not cover any fermions and its unrealistic number of space-
time dimensions, completely undermines the viability of bosonic string theory as a valid candidate
for the TOE.

2.2. Superstrings

The transition from bosonic string theory to superstring theory was only made possible by the
incorporation of SUSY, a symmetry between bosons and fermions. The degrees of freedom doubles
compared to the bosonic string theory as fermion modes are also included. Therefore, now each boson
state has a fermion partner and vice versa. In addition, SUSY can cancel out the tachyonic states,
which brings a stable vacuum. This is done exactly through the balancing of bosonic and fermionic
contributions. In bosonic string theory, the ground state energy can have negative values which leads
to tachyon problems. This is solved in superstring theory where fermionic contributions shift this
value to either zero or positive. Thus, the spectrum is only left with stable states with m? > 0.

The space-time dimension of super strings is not anymore 26, but 10, and is achieved by
supersymmetry. This includes the regular 4-dimensional space-time and 6 additional spatial
dimensions. Compactification on Calabi-Yau manifolds is a key mechanism for such dimension
reduction, and the word compactification refers to the process of curling up the extra dimensions into
a compact space with very small radii, which are unobservable at low energies. Note that the
cancellation of quantum anomalies also only occurs in 10-dimensional space-time.

D-branes, short for Dirichlet branes, live in higher-dimensions in string theory and can be the
endpoints of open strings. A brane is short for word membrane, which is a p-dimensional extended
object, where a DO-brane represents a point, a D1-brane represents a string, and D2-brane can be seen
as a membrane or surface. The minimum and maximum number of dimensions branes exist in is DO
and D9, respectively, and plus another time dimension. Many interesting implications can come out
of these, “it has led to the speculation that the reason one experiences four space-time dimensions is
because it is confined to live on three-dimensional D-branes (D3-branes), which are embedded in a
higher-dimensional space-time” [1]. Branes also act as a fundamental element other than strings and
can interact with them.

The first superstring revolution began in 1984 with the discovery that quantum mechanical
consistency of a ten-dimensional theory with N = 1 supersymmetry requires a local Yang—Mills gauge
symmetry based on one of two possible Lie algebras: SO(32) or E8 x E8[1]. Type | superstring
theory involves both open and closed strings. This theory is anomaly-free with a gauge group S0(32),
where the anomaly cancellation condition is:

Sgougel = Tr(F2 —R%) - 0 (15)
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Here F isthe field strength of the gauge field, and R is the curvature tensor of space-time. Type
I1A and type 11B superstring theories are oriented closed string theories, and are related to each other
by T-duality

2

5

Compactify a single coordinate X° in either type II theory and take the R — 0 limit. This is
equivalent to the R — oo limit in the dual coordinate, whose right-moving part is reflected

X (2) = —Xg(2) (17)

Just as in the bosonic string” [5]. This shows that the physics of strings is invariant under
transformation, even though the geometry of spacetime changes [1]. Noted that, type 1IB also has a
self-duality, or called S-duality. S-duality relates the string coupling constant gs to 1/gs in the
same way that T-duality relates R to 12/R [1]:

¢4 G- (18)

This duality shows that the regime for strong coupling of type II1B is equivalent to the regime for
weak coupling.

According to Ref. [1], the supersymmetries associated with the left-movers and the right-movers
can have either opposite handedness or the same handedness”, and they correspond to type IIA and
type 11B superstring theories respectively. Together with type | superstring theory, they make up 3
out of the 5 superstring theories. The remaining superstring theories are about heterotic strings, which
combine the left-moving bosonic string, which propagates in 26 dimensions, with right-moving
superstring modes, which propagates in 10 dimensions. There are two anomaly-free gauge groups,
heterotic SO(32) and heterotic E8 X E8.

2.3. M-Theory

M-theory unifies all five superstring theories, along with the eleven-dimensional supergravity into
a single consistent eleven-dimensional theory. The new dimension can be seen as a line interval in
the case of heterotic strings, or a circle for type 1A (seen from Fig. 1) [1]. Within this framework,
the fundamental object is not restricted to strings, but also higher-dimensional branes such as two-
dimensional M2-branes or five-dimensional M5-branes. It is important to note that, S-duality and
T-duality are also within the framework of M-theory, they can be applied across different theories
within the web.

Type IIA
11D
Supergravity Type 1IB
Es X Es
Typel
SO(32)

Figure 1. Dualities connecting all five superstring theories and eleven-dimensional supergravity

3. String Cosmology

String cosmology applies the principles of string theory to explain the origin, evolution, and
observable features of the universe. There are various models under this direction, connecting high-
energy physics to the structure of the cosmos through the mathematical background of string theory.
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In particular, examples of string inflation models and progress on explaining the cosmological
constant, especially KKLT construction is discussed in the subsections below.

3.1. String Inflation Models

These models attempt to give a reason to the rapid expansion of the early universe, a scalar field
known as inflations, with a potential V(¢) that controls the dynamics. In standard cosmology, the
idea of inflation resolves the horizon, flatness, and monopole problems. However, connecting to
string theory, it can show a plausible indication that the nature of inflation can be related to higher
dimensions.

D-brane inflation is one of the most prominent string inflation models, where some correspondence
exists between inflation and relative motion of branes. Under the specific case of D3 branes,
inflation occurs as a D3-brane and an anti-D3-brane move toward each other in a warped Calabi-
Yau compactification. According to the research [6], a single pair of brane-antibrane has a total
energy given by

V(r) = 2T(5) + E(r) = 2T, (1 -~ F;mr‘*) (19)

The separation, or potential energy of these branes generates the inflation potential. According to
Dvali et al. [6], with the normalized inflation field ¢ = ,/T(3)r, and in terms of ¢, this potential is
written as

V($) = 2T (1 - 161(;;4) = m*(1- ﬁ) (20)

With a = :6(;)2, and T; representing the brane tension.

Axions are hypothetical particles originally brought up in quantum chromodynamics (QCD) to
deal with the strong CP problem. Under the context of string cosmology, they are considered a natural
candidate for dark matter and inflation fields in the early universe. The mass of an axion is typically
in the range

A2
mg ~ =2 21)
fa

Which is extremely light. Axions automatically appear from the process of compactification, and
act as pseudo-scalar fields associated with the geometry of that extra-dimensional space. The inflation
potential, or the trigonometric axion potential arises from axionic shift symmetry ¢ — ¢ + ¢ for the
axion field ¢. Study shows this “resulting scalar potential for the canonically normalised field i =

f0” [7], given by

V(p) =V, <1 — cos (%)) (22)

On the other hand, axion monodromy is a mechanism that modifies the periodic potential, allowing
it to support large-field inflation while preserving its key properties. “In this case the resulting
inflationary potential is power-law” [7] and the general expression for the potential is

V= (2) (23)

Seen from Fig. 2, these models are based on various potential forms, including the power law
potentials and natural inflation. The blue and purple shaded areas represent the 68% and 95%
confidence interval derived from Planck and other sets of data, these regions indicate the range of ng
and r that are consistent with observations [8].
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Figure 2. Different inflationary models plotted against the tensor-to-scalar ratio and primordial tilt

[8]
3.2. String Landscape and Cosmological Constant

There exist vast numbers of possible solutions in string theory, and each of them can be mapped
to a unique vacuum state. Every mapped vacuum corresponds to a different low-energy universe with
distinct physical properties, and the entire collection of these vacua form a string landscape. By
general estimation, there are about 10°°° different vacua, in which their formation depends on the
choices of flux, stabilization of moduli fields and compacitfication geometries.

The cosmological constant, A, is also one of the most important numbers within a vacuum state.
It represents the energy density of the vacuum. In Einstein’s field equation, it appears as

1
Ry — ERgm, + Ag,, = 8nGT,, (24)

From the supernovae, cosmic microwave background (CMB) and large-scale structure
measurements, it can be shown that

A~107120M] (25)

However, there is a discrepancy between the theoretical and observed value, and it turns out that
the string landscape provides an alternative perspective towards it. Out of the entire landscape, most
vacua have A < 0, called anti-de Sitter space (AdS) and a few vacua have A > 0, called de Sitter
space, but only a tiny fraction of them are esitimated around A ~ 10~"2°M.

To delve deep into the accelerating expansion of the universe, “a natural starting point is to search
for the maximally symmetric variant of such a solution, namely de Sitter space” [9]. The Kachru-
Kallosh-Linde-Trivedi (KKLT) mechanism is proposed for stabilizing moduli and constructing
metastable de Sitter vacua in type I1B superstring theory. By combining flux compactifications and
non-perturbative stabilization of Kdhler moduli, along with uplifting techniques, KKLT attempts to
provide a pathway to explain the small positive cosmological constant observed in the universe as
string theory vacua predominantly yield negative cosmological constants (A < 0). The flux
compactification in type IIB superstring theory on Calabi-Yau 3-folds gives a flux-induced
superpotential, called GVW superpotential of Giddings-Kachru-Polchinski (GKP) solution [10]:

Weyw = ct52 [, QA Gs (26)

4. F-Theory

F-theory generalizes type 1B string theory to include non-perturbative effects. It is particularly
valuable for constructing models that resemble the standard model its extensions. F-theory is capable
of building GUTSs that incorporate realistic particle physics models by placing GUT groups such as
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SU(5), S0(10), or E4 into elliptically fibered Calabi-Yau 4-folds. In F-theory, gauge symmetries
come up from the compactified space. For instance, a SU(5) GUT can be realized at A, — type
singularities of the elliptic fibration. Note that, the breaking of the GUT group into the gauge group
SU(3) x SU(2) x U(1), the standard model, is achieved through fluxes.

It is possible to incorporate background 4-form fluxes (G,) in elliptically fibered Calabi-Yau 4-
folds, this is a systematic approach to moduli stabilization in F-theory. In any consistent F-theory
compactification on a four-fold Y4 one must satisfy the D3-brane tadpole condition [11]. The D3-
brane tadpole constraint is given by:

1 (Ya)
Nowx =3 Jy, Ga A Gy = %= = Np; 27)

Where x(Y,) is the Euler characteristic of the 4-fold and Np; is the number of space-time that

fills D3-branes. This constraint sets upper and lower bounds on Ng,, ensuring consistency of
Minkowski vacua. Specifically, Ng,, > 0 ensures stability, while Ng,, < XSZ‘) prevents runaway

solutions [11]. The superpotential for F-theory stabilizes the axio-dilaton and complex structure
moduli by the scalar potential:

V = eX(KIYD,WD;W — 3|W|?) (28)

Where K is the Kdhler potential and D;W = 9;W + W 9;K is the Kdhler covariant derivative.
According to Marchesano et al. [11], under “large set of axionic variables”, the scalar potential
simplifies to a bilinear form:

1
V=124p,p, (29)

5. Evidence and Applications

Recent advances, such as the use of machine learning for navigating the string landscape, and the
prediction of gravitational wave signatures from high-energy string phases, can provide possible
experimental pathways. These advancements represent progression toward establishing string theory
as a testable framework for understanding fundamental physics. Recent study explored the stochastic
gravitational wave background produced during the Hagedorn phase, a string-dominated era in the
early universe [12]. The decay of these highly excited strings causes a gravitational wave spectrum
that peaks in the 50-100 "GHz" range, with amplitudes surpassing those predicted by the standard
model and its extensions. These gravitational waves, emitted directly from long strings, offer a clean
signal that stands out against the cosmological noise predicted by field theories. The string scale Ms
directly influences the amplitude, providing a pathway to experimentally constrain string theory
parameters through future high-frequency gravitational wave detectors. While current experimental
setups are not yet sensitive enough to detect these signals, ongoing advancements in gravitational
wave detection technology hold promise for validating these predictions in the coming decades.

Traditional computational methods struggle with a scale of 107500 consistent models within the
string landscape, prompting the incorporation of machine learning techniques. According to
Constantin [13], Reinforcement learning (RL) and genetic algorithms can serve as pivotal tools to
enable the efficient exploration of high-dimensional solution spaces. These methods allow
identification of vacua that satisfy phenomenological constraints, such as gauge group structure and
anomaly cancellation.

Machine learning has also been applied to compute Yukawa couplings and Calabi-Yau metrics.
Heuristic methods have drastically reduced computational times for tasks like cohomology
calculations and consistency checks, as demonstrated in the context of heterotic string
compactifications. There is continuous progression being made, and this approach largely enhances
the likelihood of discovering the targeted vacuum state out of the vast string landscape in the future.
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6. Limitations and Prospects

6.1. Theoretical Limitations

In M-theory, although the chains of dualities can relate all superstring theories, a fully consistent
mathematical description that contains both strong and weak coupling regimes remains elusive. In
other words, there still lacks a complete non-perturbative formulation. As a result, it limits the ability
of M-theory to access the study on black hole interiors or early-universe cosmology.

The swampland program was created to delineate the boundary between effective field theories
(EFTSs) that can arise from string theory, called the landscape, and those that cannot, called the
swampland. It imposes significant restrictions on certain approaches such as KKLT. The de Sitter
conjecture challenges the stability of de Sitter vacua, stating that the small positive cosmological
constant is strongly disfavored in string theory. Distance conjecture implies that in moduli space, as
scalar fields move large distances, an infinite tower of states becomes light which leads to the
breakdown of the EFTs. There is also weak gravity conjecture which suggests gravity should be the
weakest force in any consistent EFT, and Trans-Planckian censorship conjecture (TCC), that is,
quantum fluctuations that cross the Hubble horizon during inflation must not re-enter the observable.
Fine-tuning is a significant concern, as it challenges the naturalness of the framework. Indeed, it is
useful when applying to flux parameters and cosmological constant. However, achieving the realistic
compactifications often requires extreme fine-tuning.

6.2. Experimental Limitations

As mentioned in introduction, string theory operates at Planck scale, which is far beyond the reach
of current particle accelerators, such as the LHC. It would be extremely difficult to probe strings
directly. In terms of gravitational waves, current detectors, LIGO and Virgo are limited to low-
frequency ranges, which is far below 50-100 "GHz". The string landscape is a problem because it
cannot be experimented or verified, therefore the validity of such proposal will always remain
theoretical. It is also unrealistic to make assumptions about the existence of all 10"500 possible vacua,
but still cannot extract the vacuum state with a small positive cosmological constant.

6.3. Prospects

As swampland conjectures gives serious challenges to the KKLT mechanism, there are directions
that focus on refining the KKLT scenario. The refinement is mostly done by improving the
understanding of quantum corrections and moduli stabilization, as well as including additional non-
perturbative effects.

For the Experimental case, the observation of high-frequency gravitational waves may still be
plausible. Future high-frequency detectors LISA, Einstein Telescope, or proposed high-sensitivity
instruments, may detect these signals. This is also the case for high-energy colliders with energy
ranges significantly beyond the LHC, such as the Future Circular Collider (FCC), the International
Linear Collider (ILC), or the Muon Collider. Relying on the updates and construction of colliders or
detectors is a very common expectation. Even though such expectations have been shattered in the
past, they persist due to the ongoing and plans for future development. The contribution of artificial
intelligence (Al) on string theory can potentially be a growing area to look at. Not only restricted to
the string landscape, Al can also automate the calculations of key geometric properties, or analyze
cosmological datasets to test string inflation models.

7. Conclusion

To sum up, this study summarizes the foundational principles and history of string theory, as well
as the analysis on modern models, precisely in string cosmology and F-theory. From traditional
strings to branes, the evolution of theories and models has been dramatically fast in the past decades,
also getting more mathematically rich. Theoretical progressions, including flux compactifications,
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refinements of the KKLT scenario and the swampland program, not only address long-standing issues
around moduli stabilization and the cosmological constant problem, but also help define the direction
of modern mainstream models. While limitations persist, these challenges have spurred new
directions for research. Machine learning, future gravitational wave observatories and high-energy
colliders provide hope for experimental validation. With continued effort, string theory remains one
of the most compelling frameworks for understanding the fundamental laws of the universe and
offering a glimpse into the ultimate theory of everything.
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