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Abstract

We analyze tidal disruption of quark confinement near black holes using Kruskal-Szekeres coordi-
nates and quantum gravity frameworks. Externally, tidal forces remain 1025× weaker than QCD binding
requirements. Within the event horizon, rip reactions (quark-antiquark pair cascades) become geomet-
rically possible but are suppressed by Planck-scale effects. Using multi-scale analysis, we demonstrate
no observable mass loss occurs due to horizon confinement, preserving black hole thermodynamics. This
work bridges quantum chromodynamics and general relativity in extreme gravitational regimes.

1 Introduction

The principle of quark confinement is fundamental to quantum chromodynamics (QCD). Quark confinement
is the theory responsible for the strong interaction that binds quarks together to form hadrons, such as
protons and neutrons [1, 2]. Unlike other forces, the strong force exhibits a unique property: as quarks are
pulled apart, the potential energy between them increases linearly, similar to a stretching elastic band [3,4].
This phenomenon ensures that quarks remain permanently bound within hadrons, making it theoretically
impossible to isolate a single quark. The underlying mechanism involves gluons, the force carriers of the
strong interaction, which create a gluonic field responsible for this confinement [5]. The energy stored in the
gluonic field becomes so significant when quarks are separated that new quark-antiquark pairs are created,
preventing true isolation [6].

The behavior of quarks and their confinement within quark-antiquark pairs in extreme environments,
such as near black holes, poses intriguing questions for both QCD and general relativity. Black holes, with
their extreme gravitational fields, exert immensely powerful tidal forces capable of stretching and compressing
objects. By understanding the influence of these tidal forces on subatomic particles, we can shed light on
how fundamental forces operate under extreme gravitational conditions.

1.1 Tidal Forces and Black Holes

Tidal forces arise from differential gravitational effects across an object’s length, leading to stretching in one
direction and compression in others. For a black hole with mass M , the tidal force experienced by an object
at a distance r from the center can be approximated by:

Ft ∼
2GMm

r3
, (1)

where G is the gravitational constant, and m is the mass of the object experiencing the force. These forces
become especially intense near and beyond the event horizon, where gravitational gradients can lead to
phenomena such as “spaghettification”—where objects are stretched into elongated shapes due to differential
gravitational pull across their length [7].
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1.2 Objective of the Study

The primary objective of this paper is to mathematically analyze the potential for tidal forces to disrupt
gluonic confinement in three critical regimes.

� Outside the Schwarzschild radius: Can astrophysical-scale tidal forces overcome QCD binding energies?

� Within the event horizon: Do compressive tidal forces enable rip reactions while respecting energy
containment?

� Near the singularity (r ∼ 1 fm): How do quantum gravity effects modify tidal-QCD interactions?

We specifically address:

� The inadequacy of classical tidal estimates at femtometer scales using Kruskal-Szekeres coordinates

� Threshold conditions for gluonic field rupture under Asymptotically Safe Gravity and Loop Quantum
Gravity frameworks

� Energy partition between quark-pair creation and Planck-scale spacetime fluctuations

Through multi-scale analysis, we demonstrate:

� Exterior tidal forces remain 1025× weaker than QCD confinement requirements

� Intra-horizon rip reactions are geometrically possible but quantum-gravitationally suppressed

� No measurable mass loss occurs due to either exterior shielding or interior energy trapping [8]

2 Mathematics of Tidal Forces Outside the Event Horizon

To understand how tidal forces interact with quark confinement outside the event horizon, we start with the
expression for tidal forces exerted by a black hole:

Ft ∼
2GMmq

r3
, (2)

where G is the gravitational constant, M is the mass of the black hole, mq is the mass of a quark, and r is
the radial distance from the black hole’s center [9, 10].

2.1 Introduction to the Gluonic Binding Force

The force responsible for quark confinement is derived from the potential energy of the gluonic field, as
described in quantum chromodynamics (QCD). The potential energy V (r) between two quarks is given by:

V (r) = σr, (3)

where σ is the string tension, a parameter that quantifies the strength of the linear potential that confines
quarks. The corresponding binding force Fbind is:

Fbind = −dV

dr
= σ. (4)

This force increases with the separation distance r, ensuring that quarks remain bound within hadrons
[11].
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2.2 Energy Comparison for Tidal Forces and Gluonic Binding

To analyze whether tidal forces outside the Schwarzschild radius can overcome the binding force, we compare
Ft with Fbind. The condition for maintaining quark confinement is:

σr >
2GMmq

r3
for r > Rs, (5)

where Rs is the Schwarzschild radius defined by:

Rs =
2GM

c2
, (6)

with c being the speed of light [10].

3 Tidal Forces Outside the Schwarzschild Radius Will Never Trigger a Con-
finement Rip Reaction

To prove that tidal forces outside the Schwarzschild radius cannot disrupt quark confinement, we start with
the inequality:

σr >
2GMmq

r3
. (7)

Rearranging the inequality gives:

r4 >
2GMmq

σ
. (8)

3.1 Analyzing the Threshold for Confinement Stability

Let rc be the critical distance at which tidal forces could hypothetically match the binding force:

rc =

(
2GMmq

σ

)1/4

. (9)

For realistic astrophysical black holes, we evaluate whether rc > Rs. The Schwarzschild radius Rs for a
black hole scales with its mass M , while the critical distance rc depends on both the mass of the black hole
and the properties of quarks and gluons [2].

Given the large value of Rs for black holes with masses on the order of stellar-mass or supermassive
black holes, the expression rc generally results in values much smaller than Rs. This implies:

r > Rs =⇒ σr >
2GMmq

r3
. (10)

3.2 Conclusion of the Proof

Since r > Rs for any significant distance outside the event horizon, the inequality σr >
2GMmq

r3 holds true,
confirming that the gluonic binding force dominates over tidal forces.

4 Introducing Kruskal-Szekeres Coordinates for Interior Analysis

To analyze the gravitational environment within and across the event horizon of a black hole, we transition
to Kruskal-Szekeres coordinates, which eliminate coordinate singularities and provide a global description of
spacetime. For a non-rotating, uncharged black hole, the metric is expressed as:

ds2 =
32G3M3

r
e−r/2GM (dV 2 − dU2) + r2(dθ2 + sin2 θ dϕ2), (11)

where:
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� U and V are Kruskal-Szekeres coordinates satisfying

UV =

(
1− 2GM

r

)
er/2GM , (12)

� r is the Schwarzschild radial coordinate (implicitly defined above),

� M is the black hole mass,

� θ and ϕ are angular coordinates.

4.1 Advantages for Interior Analysis

� No Coordinate Singularity: Smoothly covers the event horizon (r = 2GM) and extends to the
singularity (r = 0).

� Global Causal Structure: Clarifies timelike/spacelike transitions:

– Outside horizon (U < 0 or V < 0): r > 2GM , U and V span exterior regions.

– Inside horizon (U, V > 0): r < 2GM , with U and V remaining spacelike/timelike.

– Singularity (UV = 1): Located at r = 0, accessible only to infalling observers.

� Quantum Gravity Compatibility: Facilitates integration of Planck-scale modifications (e.g., non-
commutative smearing, LQG corrections) near r ∼ 0.

4.2 Limitations and Extensions

While the classical Kruskal metric describes vacuum spacetime, near the singularity (r ≲ 1 fm), quantum
gravity effects dominate. We incorporate:

� Asymptotic Safety: Running gravitational constant

G(r) =
G0

1 + ω(r/ℓP )−2
. (13)

� Non-Commutative Geometry: Smeared mass density

ρ(r) =
M

(4πθ)3/2
e−r2/4θ, θ ∼ ℓ2P . (14)

4.3 Key Observables

� Tidal Tensor: Compressive component inside horizon:

Rr̂
t̂r̂t̂

= −2GM

r3c2

(
1− ρ(r)

ρPlanck

)
, (15)

diverging classically as r → 0 but regularized by quantum effects.

� Proper Time to Singularity: For infall from r0 = 2GM :

τ(r) ≈ 2

3c

√
2GM

c2

(
r3/2 − 0

)
. (16)

Remark. The classical Schwarzschild metric,

ds2 = −
(
1− 2GM

c2r

)
c2dt2 + . . . (17)

remains valid outside the horizon but obscures interior dynamics. Kruskal-Szekeres coordinates and quantum
extensions are essential for femtometer-scale analyses. For derivations, see [12,13].
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5 Mathematical Proof of Rip Occurrence and No Mass Loss Within the Event
Horizon

In this section, we prove that while a rip reaction could theoretically occur within the event horizon due to
extreme tidal forces, such an event does not result in any observable mass loss from the black hole.

5.1 Gluonic Rip Reactions Near the Singularity

A gluonic rip occurs when spacetime curvature overcomes the confining QCD potential:

Etidal ≥ EQCD, (18)

where EQCD ∼ σ/mq for string tension σ ≈ 1GeV/fm.

Kruskal-Szekeres Framework

In Kruskal coordinates (U, V, θ, ϕ):

� Event horizon: U = 0 or V = 0

� Singularity: UV = 1

� Radial coordinate: r = 2GM
[
1 +W0

(
UV−1

e

)]
Tidal Stress Tensor

For radial free-fall observers, the dominant compressive tidal component as UV → 1:

Etidal ≡ Rr̂
t̂r̂t̂

= −2GM

r3c2
∝ (1− UV )−3/2. (19)

Rip Condition in Kruskal Time

Expressing r through proper time τ for infall from horizon:

r(τ) ≈

(
3
√
2GMτ

2

)2/3

, Etidal(τ) ∼ τ−2. (20)

The rip timescale τrip satisfies:
2GM

r(τrip)3
=

σ

mqc2
. (21)

Solving gives:

τrip ∼
(
2GMmqc

2

σ

)3/2

≈ 10−23 s

(
M

M⊙

)3/2

. (22)

Femtometer-Scale Analysis

At r ∼ 1 fm:

� Classical tidal stress: Etidal ∼ 1060(M/M⊙)
−3 m−2

� QCD critical stress: EQCD ∼ 1033 m−2

Rip occurs for M ≲ 109M⊙ black holes, but only if:

Classical GR valid & QCD linear potential holds at ξr̂ ∼ 10−18 m. (23)
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Quantum Gravity Limitations

Planck Scale r ∼ 10−35 m (GR breaks down)
QCD Asymptotic Freedom σ(r) ∝ 1/ ln(r) for r ≪ 1 fm
Hawking Radiation Negligible for M > 1015 kg

Observational Consequences

Despite violent interior dynamics:

� Holographic Imprint: Rip-induced entanglement in the bulk could manifest as non-thermal corre-
lations in Hawking radiation [14]:

∆⟨a†(ω)a(ω′)⟩ ∼ e−SBH (SBH = Bekenstein-Hawking entropy).

� Information-Theoretic Constraints: AdS/CFT suggests rip reactions preserve unitarity, with en-
ergy/momentum transferred to the CFT’s microscopic state.

� Experimental Accessibility: Imprints are suppressed by e−SBH (exponentially small for M ≫ M⊙),
requiring primordial black holes or analog gravity systems for detection.

Conclusion: Gluonic rip reactions are theoretically possible for stellar-mass black holes (M ∼ M⊙) at
r ∼ 1 fm, but require:

� Validity of semiclassical gravity near singularities

� Extrapolation of confinement physics to ξr̂ < 1 fm

� Neglect of quantum spacetime fluctuations

5.2 Example Calculation for a 1 Solar Mass Black Hole

For M = M⊙ ≈ 1.989 × 1030 kg, we analyze the gluonic rip condition near the singularity (r → 0) using
proper infall dynamics.

Proper Time to Singularity

The proper time remaining for radial infall from r0 = 2GM/c2 is:

τ(r) ≈ 2

3c

√
2GM

c2

(
r3/2 − 0

)
≈ 6.7× 10−6

( r

1m

)3/2
s. (24)

At r = 1 fm = 10−15 m:
τfm ≈ 6.7× 10−6 × (10−15)3/2 = 2.1× 10−33 s. (25)

Tidal Stress at 1 Femtometer

Using the compressive tidal tensor component:

Etidal =
2GM

r3c2
≈ 2.95 km

(10−15 m)3
= 2.95× 1060 m−2. (26)

QCD Binding Comparison

For quark confinement energy density (σ = 1GeV/fm = 1.6 × 105 N) and constituent quark mass mq ≈
5× 10−31 kg:

EQCD =
σ

mq
≈ 1.6× 105

5× 10−31
= 3.2× 1035 m−2. (27)
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Rip Condition Analysis

Etidal > EQCD

2.95× 1060 > 3.2× 1035 (Condition satisfied)

Required Compression Scale

Solving ξr̂ ≥ σr3

2GMmq
:

ξr̂ ≥ (1.6× 105 N)(10−15 m)3

2(6.67× 10−11)(1.989× 1030)(5× 10−31)
≈ 1.2× 10−30 m. (28)

Key Observations

� Required separation ξr̂ ∼ 10−30 m is 105× larger than Planck length (ℓP ∼ 10−35 m)

� Proper time τfm ∼ 10−33 s is 1010× longer than Planck time (tP ∼ 10−43 s)

� Conclusion: While mathematically satisfying Etidal > EQCD, the required scales violate quantum
gravity limits. Gluonic rips become undefined before reaching r ∼ 1 fm.

5.3 No Mass Loss

Although a rip reaction could theoretically take place within the event horizon, we need to show that this
does not result in any loss of mass from the black hole as seen by an external observer. The rate of energy
expenditure associated with quark pair creation is:

Ṁc2 ∼ −ṄEpair, (29)

where Epair = 2mqc
2 and Ṅ is the rate of quark pair production. However, the event horizon acts as a

one-way boundary that traps all matter and radiation due to the nature of spacetime curvature at this
boundary [15,16].

This implies:
Ṁ = 0 for R ≤ Rs. (30)

This principle corresponds with the predictions found within general relativity, which state that the
horizon area cannot decrease, as established by Hawking’s area theorem. The theorem, closely related to
the second law of thermodynamics, posits that black holes maintain or increase their event horizon area,
ensuring energy conservation and mass stability from an exterior viewpoint [17].

In conclusion, while high-energy processes such as quark pair creation could occur within the event
horizon, they do not alter the observable mass of the black hole. The event horizon ensures that any internal
changes remain confined, preserving the black hole’s external mass.

5.4 Implications for Energy Conservation

The containment of energy within the event horizon supports the principle that no information or energy
escapes from within R ≤ Rs. Therefore, even in the presence of theoretically significant internal events such
as a rip reaction, the black hole’s external mass remains unchanged:

Total observable mass = M. (31)

This result aligns with the predictions of general relativity and the Bekenstein-Hawking entropy-area
relationship, which indicates that a black hole’s external properties are solely defined by its mass, charge,
and angular momentum [15,18,19]. Internal processes, regardless of their energetic magnitude, do not alter
these observable characteristics.

The event horizon acts as a one-way boundary, preserving the conservation of energy as seen by outside
observers. This boundary ensures that internal phenomena, including quark pair production and energy
transformations, remain confined:

Ṁ = 0 for R ≤ Rs. (32)
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6 Quantum Gravity and Gluonic Rip Reactions Near Singularities

We analyze the survival of quark confinement under extreme tidal forces near singularities across major
quantum gravity frameworks. All calculations assume proximity to r ∼ 1 fm, with comparisons to the
Planck scale ℓP ∼ 10−35 m.

6.1 Comparative Analysis

1. String-Theoretic Frameworks

� AdS/CFT Correspondence:

EAdS
tidal ∼

TCFT√
λ

, λ =
L4

ℓ4s
(33)

- Rip reaction maps to string breaking in dual CFT at λ ∼ 103 - Prediction: Confinement survives if
TCFT < σ/ℓ2s

� String Gas Cosmology:

Emax
tidal ∼

c4

Gℓ2s
≈ 1087 m−2 (ℓs ∼ ℓP ) (34)

- String interactions dominate before r ∼ 1 fm - Outcome: Gluonic rips preempted by string thermal-
ization

2. Loop Quantum Gravity (LQG)

� Quantum bounce modifies curvature:

Rr̂
t̂r̂t̂

∝ 2GM

r3

(
1− ρ

ρPlanck

)
(35)

- At r ∼ 1 fm, ρ/ρPlanck ∼ 10−40 - Prediction: Classical rip condition still valid

3. Asymptotically Safe Gravity

� Running Newton constant:

G(r) =
G0

1 + ωr−2ℓ2P
(36)

- Modified tidal stress:

Etidal ∼
2G(r)M

r3
r∼fm−−−→ 0.999Eclassical (37)

- Outcome: No significant suppression at femtometers

4. Non-Commutative Geometry

� Smeared mass density:

ρ(r) =
M

(4πθ)3/2
e−r2/4θ, θ ∼ ℓ2P (38)

- Maximum curvature at rpeak ∼
√
θ ≪ 1 fm - Prediction: Tidal forces at 1 fm reduced by e−1040

5. Causal Set Theory

� Discrete spacetime sampling:

Emax
tidal ∼ N−1/2c4/G, N ∼ (r/ℓP )

4 (39)

- For r ∼ 1 fm:
ECST
tidal ∼ 10−20Eclassical (40)

- Outcome: Gluonic rips suppressed
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6. Generalized Uncertainty Principle (GUP)

� Modified position-momentum relation:

∆x∆p ≥ ℏ
2
(1 + β(∆p)2) (41)

- Minimum length ∆xmin ∼
√
βℏ - Tidal cutoff:

EGUP
tidal ∼ Eclassical(1− βℓ2P /r

2) (42)

- At r ∼ 1 fm: βℓ2P /r
2 ∼ 10−40β � negligible

6.2 Synthesis

Theory Tidal Suppression at 1 fm Rip Viability

Classical GR None Yes
String Gas Complete No
AdS/CFT Correspondence None Yes
LQG < 0.1% Yes
Asymptotic Safety 0.1% Yes
Non-Commutative Total No
Causal Sets 10−20 No
GUP None Yes

Table 1: Comparison of different theoretical models in terms of tidal suppression at 1 fm and the viability
of a rip reaction.

6.3 Conclusion

The gluonic rip hypothesis remains viable in:

� LQG (minimal curvature correction)

� Asymptotically Safe Gravity (weak running G)

� GUP frameworks (negligible Planck-scale effects)

but is excluded in:

� String Gas/NCT/CST (strong suppression)

Critical factor: Scale separation between QCD confinement (∼ 1 fm) and quantum gravity (∼ ℓP ).
Current theories disagree on whether femtometer-scale physics remains classical or requires ultraviolet com-
pletion.

7 Implications for Gluonic Confinement and Energy Transfer

The information gathered in this study shows significant implications for understanding gluonic confinement
under extreme gravitational fields, such as those found around and within black holes. Gluonic confinement,
responsible for binding quarks within hadrons, remains intact outside the event horizon due to the insufficient
amounts of energy being exerted upon the system by tidal forces. Within the event horizon, where extreme
conditions allow for a hypothetical rip reaction to occur that can influence the black hole’s interior dynamics,
energy and mass is confined, ensuring no impact on external measurements [18].

This energy transfer analysis highlights how strong force interactions behave in intense gravitational
environments and contributes to understanding the relationship between quantum field theory and general
relativity.
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7.1 Gluonic Confinement Outside the Event Horizon

Outside the event horizon, the tidal forces exerted by the black hole are not sufficient to overcome the binding
energy of the gluonic field. The mathematical proof presented earlier shows that:

σr >
2GMmq

r3
for r > Rs. (43)

This inequality ensures that the force responsible for quark confinement dominates over the tidal force outside
the Schwarzschild radius, maintaining the stability of quark confinement. Consequently, the gluonic field
remains unruptured, and no quark-antiquark pair creation occurs due to tidal forces in these regions.

7.2 Energy Dynamics Within the Event Horizon

Within the event horizon, the situation changes dramatically. The tidal forces grow exponentially as R
approaches the singularity, and the conditions for a rip reaction become plausible:

2GM

R3
ξR ≥ σ. (44)

This suggests that under extreme conditions, gluonic confinement could theoretically break down, leading
to the spontaneous creation of quark-antiquark pairs. However, these interactions are confined within the
event horizon, where spacetime curvature prevents any energy or particles from escaping.

7.3 No Observable Mass Loss

Even if a hypothetical rip reaction were to occur within the event horizon, no loss of mass would occur. The
energy transformations involved in quark pair creation and other internal processes contribute solely to the
internal energy state of the black hole. The event horizon acts as an impermeable boundary that ensures:

Ṁ = 0 for R ≤ Rs. (45)

This means that while the internal dynamics of the black hole may involve significant energy transfor-
mations, these processes will never effect the black hole’s measurable properties. The conservation of energy
within the event horizon is maintained. Thus, the external mass of the black hole remains constant:

Total observable mass = M. (46)

8 Conclusions

The analysis of tidal forces within and around black holes leads us to the conclusion that, while these forces
showcase significant gradients near the Schwarzchild radius, their implications for subatomic structures like
quark confinement remain controlled.

Moreover, the idea of quark ”ripping” or disruption within the event horizon appears less concerning, as
the intense gravitational setting does not lead to mass loss or disintegration in a manner that challenges our
current understanding of black holes and their exterior properties. These findings underscore the robustness
of fundamental particle physics, suggesting that even under the immense tidal forces near a black hole, the
strong force remains dominant over gravitational gradients.

9 Future Work

Future work should research further into the gravitational effects of quantum systems, such as simulating
particle behavior within the event horizons of different black hole metrics, including Kerr (rotating) [20] and
Kerr-Newman (charged and rotating) [21] black holes. The potential differences in tidal force gradients and
their corresponding impacts on particle systems could reveal further revelations relating to how space-time
and matter interact.
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Comprehensive simulations of rotating black holes, where frame-dragging effects alter space-time curva-
ture and tidal forces, would help us clarify the behavior of matter near astrophysical black holes. Furthermore,
research should extend to the astrophysical implications of such interactions, exploring how particle physics
is influenced by the thermodynamics and radiation emitted by black holes, potentially informing models of
Hawking radiation and black hole evaporation.

By deepening our understanding of how tidal forces act in extreme states, we can deepen our compre-
hension of both astrophysical phenomena and fundamental physics, bringing us closer to unifying quantum
mechanics and general relativity.
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