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Abstract: A significant theoretical conflict arises between quantum mechanics and general relativity in the form of the black hole 

information paradox. Traditionally, Hawking radiation suggested that when matter enters a black hole, its information disappears, 

seemingly violating the unitarity principle central to quantum mechanics. However, recent developments—such as the island formula, 

quantum extremal surfaces, and holography (particularly AdS/CFT) —have transformed our understanding of black hole evaporation. 

This review explores these breakthroughs, focusing on how the Page curve is recovered, indicating that black hole evaporation is, in 

fact, unitary. We summarize the theoretical progress, highlight key models, and discuss implications for the nature of spacetime and 

quantum gravity.  
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1. Introduction 
 

The black hole information paradox, originally raised by 

Stephen Hawking in the 1970s, remains one of the most 

intriguing problems in theoretical physics. It questions 

whether information that falls into a black hole is 

permanently lost, thereby violating a fundamental tenet of 

quantum mechanics—unitarity. Hawking’s calculations 

showed that black holes emit thermal radiation, leading to 

complete evaporation over time. This thermal nature implies 

that no information about the initial state survives, resulting 

in a mixed final state.  

 

This paradox highlights a deep inconsistency between 

general relativity and quantum mechanics. Over the years, 

various proposals—such as black hole complementarity, 

firewalls, and holography—have attempted to address this 

paradox. More recently, breakthroughs using the island 

formula and quantum extremal surfaces have offered a 

potential resolution. These tools suggest that information is 

not lost but rather encoded in Hawking radiation in a way 

consistent with unitarity.  

 

This paper provides a comprehensive review of the black 

hole information paradox, tracing its origins and recent 

theoretical developments that shed light on its resolution. 

We particularly focus on the recovery of the Page curve and 

its significance in understanding quantum gravity.  

 

2. Foundations of the Paradox 
 

2.1 Classical Description of Black Holes 

 

According to classical general relativity, a black hole is 

completely described by just three observable parameters: 

mass, electric charge, and angular momentum—a statement 

known as the no - hair theorem. Any information about the 

matter that formed the black hole—its composition, 

structure, or quantum state—is believed to be lost beyond 

the event horizon. The event horizon acts as a one - way 

boundary: nothing, including information, can escape once it 

enters. In this classical picture, all distinguishing 

information is lost to the outside universe. However, this 

was not considered problematic until quantum mechanics 

entered the picture.  

 

2.2 Hawking Radiation and Thermodynamics 

 

In 1974, Stephen Hawking introduced quantum field theory 

into curved spacetime and showed that black holes emit 

thermal radiation—now known as Hawking radiation. This 

process arises from quantum fluctuations near the event 

horizon, where particle - antiparticle pairs spontaneously 

form. One particle falls into the black hole while the other 

escapes, leading to a net loss of mass from the black hole. 

This radiation, being thermal, does not carry any information 

about the internal state of the black hole or the infalling 

matter. Over time, the black hole evaporates completely, 

leaving behind only radiation, with no record of what 

originally fell into it.  

 
 

The Core Problem: Loss of Information 

 

This sets up a crisis in physics. In quantum mechanics, the 

evolution of physical systems is governed by unitary 

operators, meaning the total information of a system must 

always be conserved. If the black hole evaporates and the 

information about its contents is lost, this violates 

unitarity—a foundational principle of quantum theory.  

 

In summary, the paradox arises because:  

• General relativity allows black holes to permanently hide 

information.  

• Quantum mechanics insists that information must be 
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preserved.  

• Hawking’s result suggests black holes destroy 

information through thermal radiation.  

 

This contradiction is not just a technical issue—it is a clash 

at the heart of modern physics. Reconciling this 

inconsistency is essential for building a successful quantum 

theory of gravity. The subsequent sections of this paper will 

delve into proposed resolutions, each offering a unique 

perspective on where this information might go—or how our 

understanding of space, time, and quantum theory might be 

incomplete.  

 

3. Major Theoretical Approaches to the 

Information Paradox 
 

3.1 Black Hole Complementarity 

 

Proposed by Leonard Susskind and others, this principle 

suggests that no single observer can witness both the 

information falling into the black hole and the information 

being radiated out—avoiding any direct violation of 

quantum mechanics.  

• From the outside observer’s view, the infalling matter is 

smeared over the event horizon and gradually released 

via Hawking radiation.  

• From the infalling observer’s view, the information 

crosses the horizon without any dramatic event.  

• This duality avoids paradox by stating that no observer 

sees a violation of unitarity. However, it leads to deeper 

conflicts with quantum entanglement—especially as 

raised by the next theory.  

 

3.2 Firewall Hypothesis 

 

The AMPS paradox (Almheiri, Marolf, Polchinski, Sully, 

2012) argued that black hole complementarity breaks down 

when considering quantum entanglement between Hawking 

radiation and the black hole interior. To preserve unitarity 

and avoid violating entanglement monogamy, they proposed 

a dramatic idea: the event horizon is replaced by a high - 

energy firewall that burns up anything falling in. This breaks 

general relativity’s prediction of a smooth horizon, 

suggesting that classical spacetime fails at the horizon scale. 

While conceptually shocking, the firewall idea reignited 

interest in information recovery—but remains highly 

controversial.  

 

3.3 Holographic Principle and AdS/CFT 

 

Inspired by string theory, the holographic principle (by ’t 

Hooft and Susskind) proposes that all information inside a 

volume of space can be encoded on its boundary surface. 

This was formalized by the AdS/CFT correspondence, 

proposed by Juan Maldacena, which maps a gravitational 

theory in a (d+1) - dimensional anti - de Sitter space to a 

conformal field theory (CFT) in d dimensions without 

gravity 

 

Result: If the conformal field theory (CFT) exhibits 

unitarity, then by the logic of holographic duality, the bulk 

gravity theory in AdS must also be unitary- implying that 

information is not destroyed in AdS black holes. However, 

while this framework is mathematically robust, it is strictly 

applicable to anti - de Sitter (AdS) spacetimes, which do not 

correspond directly to the geometry of our observable 

universe.  

 

3.4 Soft Hair on Black Holes 

 

In a notable proposal, Hawking, Perry, and Strominger 

introduced the concept of “soft hair”- low - energy 

excitations on the event horizon that could potentially 

encode the information of infalling matter. This idea directly 

contests the classical no - hair theorem, suggesting that black 

holes are not entirely featureless. If validated, soft hair 

mechanisms may provide a channel through which 

information escapes during Hawking radiation, offering a 

semi - classical resolution to the paradox.  

 

3.5 Quantum Hair and Entanglement 

 

Expanding beyond soft hair, other theories posit that the 

quantum entanglement structure around black holes could 

store and release information. Key ideas include:  

• ER = EPR Conjecture: Proposes that wormhole 

(Einstein - Rosen bridges) and quantum entanglement 

(Einstein - Podolsky - Rosen pairs) are fundamentally 

linked, hinting that the geometry of spacetime may 

emerge from entangled states.  

• Quantum teleportation analogs: Suggest that interior 

information could, in principle, be reconstructed from 

correlations in Hawking radiation.  

While these remain speculative, they align with the growing 

intersection of quantum gravity and quantum information 

theory.  

 

4. Recent Developments (2018–2024)  
 

4.1 The Page Curve Revived 

 

Don Page, in 1993, hypothesized that if information were 

not lost in black holes, the entanglement entropy of Hawking 

radiation would trace a characteristic “Page curve” — rising 

initially, peaking midway, and eventually falling to zero as 

the black hole fully evaporates. This profile reflects a unitary 

evolution. In contrast, Hawking’s semi - classical result 

predicted a continuously increasing entropy, signaling loss 

of information. For years, deriving the Page curve rigorously 

was elusive — until a breakthrough in 2019 changed the 

landscape.  

 

4.2 The Island Formula 

 

The pivotal shift occurred when Almheiri, Engelhardt, 

Marolf, and Maxfield used semi - classical gravity along 

with holographic principles to compute entropy through an 

extended Ryu–Takayanagi prescription. They introduced 

“entanglement islands” — regions within the black hole 

interior included in the quantum description of the 

radiation’s entropy. The refined entropy formula became:  
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This framework naturally reproduced the Page curve, 

showing that information begins leaking out post - Page 

time.  

• Impact: Hawking’s calculation missed these quantum 

extremal surfaces; incorporating them demonstrated that 

unitarity can be preserved.  

• Support: These results have been reinforced through 

AdS/CFT duality, bolstering the framework within a well 

- defined theory of quantum gravity.  

 

4.3 Extensions and Implications 

 

Although initially developed for AdS backgrounds, 

researchers have extended the island prescription to more 

realistic scenarios:  

• Black holes evaporating in asymptotically flat 

spacetimes.  

• Cosmological contexts beyond AdS, such as de Sitter 

geometries.  

• Non - trivial topologies involving replica wormholes 

and complex saddle - point contributions.  

 

These advances form a coherent mathematical bridge 

between spacetime geometry and quantum entanglement, 

hinting that spacetime itself could be emergent from 

entanglement patterns.  

 

4.4 Present Understanding (as of 2025)  

 

Consensus: The community now broadly agrees that black 

hole evaporation is a unitary process, supported by the island 

paradigm and quantum extremal surface calculations. Open 

Questions: Despite this, the detailed process through which 

information is encoded into Hawking radiation remains an 

unsolved mystery. We know that it escapes — how it 

escapes is still being studied.  

 

5. Conclusion and Future Outlook 
 

The black hole information paradox has matured from a 

philosophical dilemma into a well - formulated problem at 

the intersection of quantum information theory and 

gravity. Over time, it has become a foundational question 

driving our understanding of entropy, spacetime, and the 

quantum fabric of the cosmos.  

 

It’s now clear that the traditional thermal picture of 

Hawking radiation was incomplete. Insights from black 

hole complementarity, firewall arguments, and especially the 

holographic principle reveal that classical assumptions 

about locality and the nature of event horizons may not hold 

in a quantum regime.  

 

Recent milestones — including the recovery of the Page 

curve and development of island - based entropy formulas 

— strongly indicate that black hole evaporation respects 

unitarity, aligning quantum gravity with the core principles 

of quantum mechanics.  

 

These developments do more than resolve a paradox — they 

point toward a new paradigm where spacetime itself may 

be a manifestation of entanglement.  

 

6. Challenges Ahead 
 

• Microscopic Encoding Mechanism: While entropy 

trends support information conservation, the precise 

mechanism by which radiation carries information 

remains elusive.  

• Beyond AdS/CFT: Much of the current progress is AdS 

- dependent. Generalizing these frameworks to de Sitter 

space or our cosmological background is a key direction.  

• Toward a Complete Theory: These insights hint at a 

full theory of quantum gravity, where spacetime, black 

holes, and quantum information are deeply 

intertwined. A testable and complete model is still on 

the horizon.  

 

In Essence:  

The paradox has not been resolved by avoiding the issue or 

altering quantum mechanics- but by re - envisioning 

spacetime as a quantum information construct. It stands 

today not as a problem, but as a beacon guiding the path to 

quantum gravity.  

 

References 
 

[1] Hawking, S. W. (1976). Breakdown of predictability in 

gravitational collapse. Phys. Rev. D 14, 2460.  

[2] Page, D. N. (1993). Information in black hole radiation. 

Phys. Rev. Lett.71, 3743.  

[3] Almheiri, A., Engelhardt, N., Marolf, D., & Maxfield, 

H. (2020). The entropy of bulk quantum fields and the 

entanglement wedge of an evaporating black hole. 

JHEP 12, 063.  

[4] Penington, G. (2020). Entanglement wedge 

reconstruction and the information para - dox. JHEP 

09, 002.  

[5] Ryu, S., & Takayanagi, T. (2006). Holographic 

derivation of entanglement entropy from AdS/CFT. 

Phys. Rev. Lett.96, 181602.  

[6] Almheiri, A., Marolf, D., Polchinski, J., & Sully, J. 

(2013). Black holes: complemen - tarity or firewalls? 

JHEP 02, 062.  

[7] Harlow, D. (2016). Jerusalem lectures on black holes 

and quantum information. Rev. Mod. Phys.88, 015002.  

Paper ID: SR25422122918 DOI: https://dx.doi.org/10.21275/SR25422122918 1881 

http://www.ijsr.net/



