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Abstract 

When a star dies, it becomes a gateway to the most extreme frontiers of physics. Its remnants—white 

dwarfs, neutron stars, and black holes—are not just stellar corpses, but natural laboratories that expose the 

limits of classical and quantum mechanics. This paper aims to (1) offer a clear, intuitive understanding of 

the physics behind each end state with minimal reliance on mathematics, and (2) men- tion key research 

and observations shaping modern astrophysical thought. 

 

1 Introduction 

During most of any star’s life cycle, it remains relatively stable, despite rotating and moving constantly 

through space under the influence of a variety of gravitational forces. It follows that, in this period, classical 
mechanics works considerably well in assessing its behaviour and its properties combined with 

thermodynamics (if we do not take into account its trajectory and behaviour in multiple star systems). But 
under the surface of the relatively stable sphere, the gases inside the star are under the effect of a constant 

tussle between the huge gravity as a result of its mass and the pressure released by the gases inside, which 
we shall cover in detail in a while. When the star’s fuel begins to exhaust, that’s when the tussle comes to 

an end, but it ends in a variety of ways depending on its mass. This is governed by Chandrasekhar’s limit, 
and there are exactly three paths a star can take : white dwarf, neutron star (and its subtypes) and a black 

hole. This is when classical mechanics fails to provide further detail and when quantum mechanics takes 

over, as the gaseous atoms inside of a star go through a plethora of effects and phenomena, which are the 
subject of this paper. It follows that in order to understand the phenomena that occur after a star’s collapse, 

we must first go over the pre-collapse stages of the star. The purpose of this paper is to explore and 
understand such effects and not delve into the mathematics of them all, although I will mention a few 

equations wherever necessary. As such, another thing to be noted is that such celestial objects have a variety 
of effects under them and while I shall try to present all of them, it is natural that I may miss out on a few, 

unintentionally or otherwise (perhaps due to higher mathematics being involved or the paper being proved 
factually incorrect). 

We begin by formally exploring how a star remains stable and how fusion inside of 

the stars maintains its sphere-like surface. 

Normally, like charges repel like charges and attract unlike charges. By the time a collapsing gas cloud has 

become a protostar, its core has reached a temperature of several million kelvin. After a certain temperature 

(about 10 million Kelvin), the hydrogen in the core will be a plasma, a ”soup” of hydrogen ions and 

electrons moving around at very high speed, and under such high pressure and densities, protons end up 
colliding and fusing into each other at high speeds, generating energy through a proton-proton chain. This 

is the primary fusion reaction which fuels the star and it goes as follows: 

 
1H +1 H → 2H + e+ + νe 
2H +1 H → 3He + γ 
3He +3 He → 4He + 2 1H 
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Energy released through the photon can be stated using Einstein’s renounced eqn 

E = mc2 

The energy generated through this chain is what fuels the tussle of pressure, from the protostar’s core, and 
the intense gravity from the matter inside of the stars. When these forces reach equilibrium inside of a star’s 

core, this leads to hydrostatic equilibrium. If the temperature was as high as 20 million kelvins, a CNO 
cycle takes place, but the basic fusion process for the reaction to proceed for nucleosynthesis is still a proton 

proton chain. In order to track a star’s mass, scientists use a Hertzsprung-Russel scale, which classifies 
them on the basis of their luminosty and temperature, but since it is outside the view of this paper, we dont 

need to get into its details 
But eventually, as we can see, the hydrogen gets exhausted, and then helium fusion starts taking place, but 

it produces a lot more energy than the hydrogen fusion. Consequently, the star’s outer shell starts 
expanding, as it transforms into a red giant. Progressively however, it is observed that as more and more 

heavier metals start fusing, the energy produced by them significantly reduces and the mass of the metals 

(and the gravitational force) increases, giving gravity the upper hand. The star starts to contract, but when 
the pressure and gravitational forces increase even more, it bursts into a nova (or supernova, if the star is 

big enough), releasing a bright burst of gases and rays of all sorts. But what does it become after its demise? 
This is the base for the Chandrasekhar limit [11]. Chandrasekhar calculated that for non interacting 

electrons in a relativistic degenerate gas, there is a maximum mass where pressure can still balance gravity. 
So, if a star has a mass less than 1.4 M⊙ (1.4 solar masses is approximately 2.78 × 1030 kg), it becomes a 
white dwarf. If it has a mass between 1.4 M⊙ and 2.1 M⊙, it exceeds the maximum mass limit of a white 
dwarf and becomes a neutron star. However, if it is greater than 2.1 M⊙ (approximately 4.17 × 1030 kg), it 
collapses into a black hole. 
All of these stellar remnants share one fundamental characteristic: the pressure and 

gravity inside them are so immense that classical mechanics fails to describe their behavior. The particles 
of matter in the core are compressed so tightly that there is virtually no space between them. As a result, 

quantum statistics dominate, specifically Fermi-Dirac statistics. 
The Tolman–Oppenheimer–Volkoff (TOV) limit [22,30], on the other hand, represents the maximum mass 
that a neutron star can possess while still being supported against gravitational collapse by neutron 
degeneracy pressure and nuclear interactions. It is the relativistic analogue of the Chandrasekhar limit for 
white dwarfs. Beyond this limit, which is estimated to lie between 2.1 M⊙ and 2.5 M⊙ depending on the 
equation of state, no known force can prevent the star from collapsing into a black hole. The TOV limit 
arises from solving the equations of hydrostatic equilibrium for a spherically symmetric mass distribution 
in general relativity, originally derived by Tolman, Oppenheimer, and Volkoff in 1939 . 

We shall first start with stars, just like our sun, who turn into white dwarfs. After covering the properties 

of white dwarfs and the electron degeneracy pressure that sup- ports them, we will exceed the 
Chandrasekhar limit and move on towards stars under the TOV limit, where the formation of neutron star 

takes place. Here, we could cover topics such as Cyclotron Resonant Scattering features and superfluidity 

and its effects in Neutron Star’s. Lastly, we will move on to stars with even greater masses which form 
black holes and here, we would go over the famous information paradox and the variety of proposal into 

solving (or denying) the same. As the purpose of this paper is to provide the reader with an understanding, 
I shall restrict myself by not delving into the mathematics of it all but I would cite all necessary papers for 

the original calculations and findings for those who are keen. 

 

2 White Dwarfs 

From the Chandrasekhar limit, we see that if a star has a mass < 1.4 M⊙, it becomes a white dwarf. This is 
the case for the majority of stars in our solar system (> 95%). They run out of thermonuclear fuel, and most 
of them have burned H and He in their interior, and when the outer shell of the red giant bursts, a 
considerably smaller CO core (∼ 0.6 M⊙) remains, which has maximum of CO core and atmospheres of 
He and in even smaller amounts, H. Further, DA white dwarfs have hydrogen-rich atmospheres with 
prominent Balmer lines, while DB white dwarfs have helium-rich atmospheres showing neutral helium 
lines and no hydrogen features. The transition between the two is be- lieved to occur due to convective 
mixing of thin hydrogen layers. Pierre Bergeron [9] has extensively modeled the spectral and structural 
evolution of DA and DB white dwarfs, providing precise mass, temperature, and atmospheric 
characterizations that are now foundational in white dwarf astrophysics. 
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2 2 

But what happened to our duel of gravity vs pressure? Well, evidently, as the white dwarf is also a stable 
sphere, it attains hydrostatic equilibrium. But this time, it is not because of the energy released by fusion 

of elements inside its core, but something known as electron degeneracy pressure, governed by Pauli’s 

exclusion principle of quantum mechanics. 

 

2.1 Electron Degeneracy Pressure 

When all the gases inside of the stars are compressed to make a white dwarf, the electrons no longer have 

enough room to remain in stable low energy orbits around the atoms, and start pushing against each other. 
But Pauli’s exclusion principle from quantum mechanics says that no two electrons can occupy the same 

quantum state, so some are “forced” into higher momentum states, and this creates a pressure between each 
pair of electrons 

in different states (each state can have two electrons of spin +1 and −1 , respectively, 

as a result of the principle) known as electron degeneracy pressure. As these gases become super 

compressed, they exhibit this pressure and are, as a consequence, called de- generate gases. An interesting 
thing to note is that, as the electron degeneracy pressure is a quantum mechanical effect, and not thermal, 

it is independent of the temperature. 
 

Scientists commonly refer to this as a “sea of electrons” inside the white dwarfs. 

 

2.2 Properties of a White Dwarf 

Now, we shift our focus to the consequences of the white dwarf’s formation and its properties (thoroughly 
elaborated upon in [13, 16]) starting with the intense magnetic field generated either by the progenitor star 

or the dynamo effect, which can reach up to 109 gauss.  This also ends up in the field attracting matter onto 
its poles in the case of accreting stars (stars with an excess of stellar matter orbiting it, while it slowly falls 

inwards due to gravitational attraction), an effect most prominent in neutron stars and black holes. Scientists 

generally use the fact that these fields alter the spectrum (Zeeman splitting) to find the strength of the 
magnetic field. 

Another most prominent effect is that, due to the high kinetic energy and speed of the electrons, we have 
to take into account relativistic effects, as the electrons are nearing the speed of light, which changes the 

pressure-density relation from P ∝ ρ5/3 to P ∝ ρ4/3. A direct consequence of this is that the radius of a 

white dwarf is inversely related to its mass. 
White dwarfs, although burning brightly with the stored thermal energy, do not have a continuous energy 

source, and, as such, they eventually exhaust themselves. This leads to the formation of a black dwarf 
(estimates suggest some 1 quadrillion to 10 septillion years later as the process is extremely slow), a dark, 

lifeless object floating in space, made up of the heaviest of metals. However, the core of the white dwarf 
crystallizes in lattices and this crystallization releases latent heat that reduces the cooling rate, deceiving 

an observer of the true age of the white dwarf. 
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Figure 1: Gaia DR2 Hertzsprung–Russell diagram showing the “pile-up” of white dwarfs at luminosities 

consistent with the onset of core crystallization [31]. 
 

Gravitational redshift is also observed in white dwarfs, where light emitted from the surface loses energy 
climbing out of the intense gravitational field, causing its wavelength to shift towards the red end of the 

spectrum. 
Finally, we come to an interesting case of a binary system, where a white dwarf can accrete matter from a 

companion star. As it approaches the Chandrasekhar limit, the pressure of the degenerate core - independent 

of temperature - prevents expansion, triggering a runaway carbon fusion reaction. This leads to a Type Ia 
supernova, known for its consistent peak brightness, leaving no remnant behind and dispersing heavy 

elements into space. 
(Some theories suggest that black dwarfs may never form at all. This is because processes like proton decay 

(if it occurs) and hypothetical interactions with dark matter or Hawking-like radiation might destroy them 
before they cool fully.) 

 

3 Neutron Stars 

Coming to our next case, and things get even more interesting, we go back to the the Chandrashekhar limit 
in combination with the Tolman-Oppenheimer-Volkoff limit that the stars with masses approximately 
between 1.4 M⊙ to 2.1 M⊙ turn into a neutron star after they go supernova . The pressure inside these stars 
is so intense, that even electron degeneracy pressure fails to keep it stable. This is where neutron degeneracy 
pressure steps in, along with beta decay (or rather inverse beta decay) 
In neutron star’s, electrons start pushing against protons and the star starts com- pressing even more due to 
their even higher mass. Under such conditions, an inverse beta decay reaction takes place, where an electron 

and a proton combine in the star’s core to form a neutron and a particle called the neutrino, given as 

p + e− → n + νe  

A point to be noted is that unlike the beta decay in labs, this happens with extreme matter conversion under 
pressure. Due to the evident nature of this reaction, it is also called an electron capture. 

Now, a quantitative analysis of this reaction requires the use of Fermi’s golden rule, given by:  
 

𝛤 =  
2𝜋 

ℏ
| 〈𝑓 ∣ 𝐻′ ∣ 𝑖 〉|2 𝜌(𝐸𝑓) 

 

 
This is derived using quantum mechanics and gives us the probability of transition per unit time of the 

particles from one state to another, effectively giving us the number of protons and electrons undergoing 
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decay, the rate at which the decay continues, how long the core of the star takes to reach neutron degeneracy 
and to write the equation of state. It most importantly gives the amount of neutrinos leaving, which carry 

99% of the star’s energy, thus giving the amount of energy loss of the neutron star. 
Neutron stars, unlike white dwarfs, are of many different types (though, at the fundamental level, they all 

share the same properties), namely: 

• Magnetars — Neutron stars with ultra-strong magnetic fields (1014–1015 G). These fields power 

bursts of high-energy X-rays and gamma rays, and are thought to be responsible for soft gamma repeaters 
and anomalous X-ray pulsars. 

• Pulsars — Rapidly rotating neutron stars that emit beams of electromagnetic radiation from their 
magnetic poles. As the beam sweeps past Earth, it appears as a regular pulse of light, often in the radio 

spectrum. 

• X-ray Binaries — Neutron stars in binary systems that accrete matter from a companion star. The 
infalling material heats up and emits X-rays, revealing properties of the compact object and accretion disk. 

• Isolated Neutron Stars — Solitary neutron stars not in binary systems. These are detected through 

thermal X-ray emission and may represent cooling remnants of core-collapse supernovae. 

The neutron stars, being among the most fascinating celestial bodies out there, but only with a small radius 

of ∼ 10 km after emitting their neutrinos, have extremely strong magnetic fields, pressure, and many other 

conditions necessary for the following effects observed in them. 

 

3.1 Cyclotron Resonant Scattering Feature (CRSF) 

Neutron stars act as natural particle accelerators and quantum test beds, where the effects of QED (Quantum 
Electrodynamics) and general relativity combine — something not possible to replicate on Earth. 

A side-by-side comparison with a cyclotron gives a clearer understanding of this phenomenon. In a 
cyclotron, a source of particles is surrounded by two dees (D-shaped wires) connected to a frequency 

oscillator and kept between the poles of a magnet as shown. 

 

Figure 2: Left: Classical cyclotron schematic. Right: Neutron star magnetic field lines illustrating dipolar 

structure. 

Now, from the Lorentz force of a charged current element in an external magnetic field we know that the 

force acts perpendicular to the velocity of the particle and the magnetic field. With increasing frequency 

and acceleration at the gap between the dees, where the polarity reverses, the particle eventually traces a 
circular path and exits the cyclotron at the edge with a maximum velocity given by: 

 

𝑣 =
𝑞𝐵𝑟

𝑚
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Where: 

• v: maximum cyclotron velocity 

• q: charge of the particle 

• B: magnetic field strength 

• r: radius of the circular path 

• m: mass of the particle 

An analogous effect takes place when the electrons in a neutron star travel along magnetic field lines 

(analogous to the dees) toward the magnetic poles and are accreted there. As particles reach the poles, they 
release accretion material in the form of X-rays, which we observe as Cyclotron Resonant Scattering 

Features (CRSFs). The electron energies are quantized into Landau levels [17], so the energy of the 
cyclotron line is a direct measure of the magnetic field strength in the scattering region. 

CRSFs were first detected in Her X-1 in 1977 by Tru¨mper et al. [32], marking the first direct measurement 
of the magnetic field of a neutron star. 

The underlying physical process is magnetic resonance scattering, a quantum mechan- ical phenomenon. 

The motion of a charged particle perpendicular to a magnetic field is quantized into discrete energy states 
(Landau levels), resulting in absorption/emission lines in the spectra of magnetized neutron stars. 

The fundamental CRSF energy is given by: 

 

𝐸𝑐𝑦𝑐 =
11.6 𝑘𝑒𝑉 ⋅  𝐵12

1 + 𝑧
 

 

where B12 is the magnetic field in units of 1012 G, and z is the gravitational redshift. There are primarily 
two major types of correlation between the cyclotron line energy ECRSF and the luminosity L of the 

neutron star (NS) which explain the formation of these features. Whether the correlation is positive or 
negative appears to be dictated by a critical luminosity value Lcrit ∼ 1037 erg s−1, above which the 

correlation becomes 

negative, i.e. an anti-correlation. 

The positive correlation has two models as follows. The first model explains the positive correlation as the 
result of a collisionless shock between the accreting material (ion flowing inward) and the material already 

present which dissipates the kinetic energy above the polar cap. As luminosity (accretion rate) increases, 

the centroid height of the collision shock decreases and subsequently the magnetic field strength increases 
along with ECRSF. The second model suggests that as the luminosity increases (but remains below the 

critical threshold), the height of the cyclotron-scattering region decreases, plac- ing it in a zone of stronger 
magnetic field near the neutron star surface. This results in a higher observed cyclotron energy and thus in 

a positive correlation between ECRSF and luminosity. The emerging X-rays may undergo resonant scattering 
in the magnetized plasma, sometimes producing harmonics of the fundamental CRSF. Now, we move on 

towards the anti correlation. In this luminosity regime, the role of the photons is differ- ent. The outgoing 
radiation can create and sustain a radiation dominated shock (RS) in the accretion column, which is 

responsible for the braking of the in-falling plasma. The formation of the CRSF is naturally expected to 

occur at the RS. The height of the RS scales approximately linearly with the X-ray luminosity, while the 
magnetic field strength drops with the increase of the shock’s height. Thus, it predicts an anti-correlation, 

which is qualitatively in line with the observations of super-critical XRPs. 

Poutanen et al. (2013) [25] pointed out that, due to the steep 1/r* dependence of the dipole magnetic field 

with distance r, the rate of change of ECRSF with LX should be much larger than the observed one. Instead, 
they proposed that the observed CRSF is not generated in the RS, but rather by reflection of radiation 

(produced in the RS) in the area surrounding the polar cap.This model is supported by NuSTAR and RXTE 
data, where reflected CRSFs show less variation than direct emission. 

 

http://www.ijcrt.org/


www.ijcrt.org                                              © 2025 IJCRT | Volume 13, Issue 9 September 2025 | ISSN: 2320-2882 

IJCRT2509725 International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org g358 
 

The observed ECRSF involves relativistic corrections that must be taken into account , if one demands a 

robust estimate of the magnetic field strength on the surface of the NS from the imprinted CRSF on the 

emergent X-ray spectrum. These corrections are : gravitational redshift due to the NS intense density and 

Doppler effect. Additional relativistic corrections include light bending due to curved space-time and 

special-relativistic beaming from rapidly spinning pulsars. 

Proton cyclotron lines are also theoretically possible at ≈1000× lower energy due to the higher mass of the 
proton, but are typically undetectable in X-rays due to their weakness and overlap with absorption noise. 

 

3.2 Superfluidity in Neutron Stars 

When a liquid is cooled, contrary to our current understanding, there are two paths it may take. It may 
either solidify, as we have already seen, or it becomes a superfluid—a state where it has zero viscosity and 

which is primarily quantum mechanics at a macroscopic scale. Whether it would become a superfluid is 
determined primarily by the following graph for critical temperature vs density. 

The way the superfluid works is that, when the conditions of low temperature and high density are met at 
a relevant scale, the nucleons (particles of the nucleus of an atom) start overcoming their electromagnetic 

repulsions and form weak bonds among them- selves, forming what are called Cooper pairs. A perfect 
example of such pairs from our laboratory conditions is displayed by the Helium-3 isotope. Helium-3 pairs 

up into Cooper pairs (analogous to the pairing mechanism in superconductivity) to achieve bosonic 
characteristics, which then condense into a superfluid state. [10] 

This is similar to the process inside the core of a neutron star, where the conditions are fulfilled for the 
neutrons to exhibit superfluidity and, at the outer crust, superconductivity of protons takes place. Under 

these conditions, we get a sea of neutrons (analogous to the sea of electrons when we discussed the core of 

white dwarfs), and an interesting effect takes place. 
As the neutron clouds merge with one another, the mass of the entire system is not exactly what we 

normally predict, and so, to accommodate for it and get the effective mass, we introduce a factor called 
entrainment. We also make use of the two-fluid theory from fluid dynamics, as both superfluid and normal 

fluid are present for the most part inside the neutron star. The equations of motion highlight the 
interpretation of the 

 

 
Figure 3: Critical temperature as a function of baryon density for neutron superfluidity inside neutron stars. 

The curve represents the temperature below which neutrons form Cooper pairs and exhibit superfluid 
behavior, depending on local density. This relation- ship is essential for understanding thermal evolution 

and glitch dynamics in neutron stars. 

 
entrainment as a measure of how easily we can induce a relative flux between the two fluids—in essence, 

how mobile the superfluid neutrons are relative to the protons (and vice versa). 
We now discuss two of the most important observations that are explained by the superfluidity of the 
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neutron star interior (which we ‘think’ we know causes them). How- ever, for that, we need to first 
understand the concept of the formation of vortices in the superfluids and the mutual friction that arises 

between the normal fluid component and the superfluid component. 

 

3.2.1 Vortex formation and Pinning mechanism 

A neutron star speeds up its rotation when it collapses because of conservation of angular momentum. But 

the superfluid cannot rotate or flow at all, which leads to the formation of numerous small quantized 

vortices, which rotate about themselves to preserve the angular momentum of the neutron star. On the 
mesoscopic scale, the combined effect of these vortices presents themselves in a way that allows us to use 

our equations of motion and Newtonian dynamics to calculate the fluid’s properties. 
However, as protons also entrain themselves with the neutrons, their movement in- vokes a Magnus force—

a lift force acting perpendicular to the vortices and causing the outward motion of these vortices. The 
superconducting protons, now moving in a circular fashion, induce their own magnetic fields and slowly 

build the star’s intense magnetic field. This causes a mutual friction between the remaining fluid and the 
superfluid material. 

Coming back to the observations we talked about, the first of them being pulsar glitches in the neutron 
stars. This is a sudden spin-up in the rotation of the neutron star, causing a pulse of light to be emitted 

followed by a relaxation period. 

Initially proposed by Anderson and Itoh [3], the process goes as follows: the neutron superfluid constantly 

tries to spin itself down to match the spin rate of the rest of the star (it does so by expelling vortices and 
resisting the pinning to the outer crust), while at the same time, it is being pinned to the outer spinned-up 

crust by the Magnus force. This pinning makes it unable to slow down and results in a spin lag relative to 
the rest of the star. 

As the spin lag increases, so does the Magnus force exerted on the vortices, until, at a critical threshold, 
the vortices become unpinned, transferring excess angular momentum to the crust. This transfer of angular 

momentum manifests as a spin-up of the crust component, which is magnetically coupled to the star’s 
magnetic field.  

 

3.2.2 Cooling Mechanism 

Neutron stars, after their birth in supernova explosions, undergo rapid thermal evolu- tion governed by 

neutrino emission processes and thermal transport. In the presence of superfluidity, a new neutrino 

emission mechanism emerges due to the formation of Cooper pairs. This is known as the Cooper Pair 

Formation (CPF) process, which temporarily enhances neutrino emission when the temperature of the 

neutron star core drops below the critical temperature Tc. The CPF process operates effectively between T 

∼ Tc and T ∼ 0.6 Tc, leading to accelerated cooling during this narrow temperature window [23, 27]. A 

widely accepted analytic expression for the CPF neutrino emissivity is: 

 

 

 

where n is the baryon number density, n0 ≈ 0.16 fm−3 is nuclear saturation density, 

T is the core temperature, and ∆(T ) is the superfluid energy gap. 

However, recent theoretical advances have added a new dimension to this picture. Zhu et al. (2024) [33] 

proposed that a superfluid quantum critical point (QCP) may exist in the dense core of neutron stars, 
resulting in a non-Fermi-liquid (NFL) behavior. This emergent NFL behavior leads to a stronger-than-

expected enhancement in neutrino emissivity. The new form of neutrino emission near the quantum critical 
point is characterized by power-law temperature dependence, rather than the exponential suppression seen 

in CPF: 
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Here, α lies in the range 5 ≤ α ≤ 7, depending on the critical exponents of the quantum critical phase 
transition, and C is a model-dependent coefficient. Unlike CPF, this mechanism remains active even when 

T ≪ Tc, offering an explanation for continued rapid cooling in young neutron stars such as Cassiopeia A 

(Cas A). 

This theory not only reconciles the observed cooling slope of Cas A over a decade of Chandra data but also 
provides a framework to explain residual anomalies in older pulsars. For instance, rapid cooling in PSR 

B0656+14 and RX J1856.5–3754 may hint at phase transitions deeper within the core. 

Furthermore, thermal conductivity is impacted by superfluidity. In the crust, super- fluid phonons 
(analogous to lattice vibrations in condensed matter) carry heat efficiently along magnetic field lines. If the 
neutron star has a magnetic field B ≳ 1013 G, the anisotropic phonon conductivity can dominate over 
electron transport at T ∼ 108 K, altering the crust-core thermal coupling and potentially creating observable 
surface tem- perature anisotropies [1]. 
Altogether, the cooling evolution of neutron stars is now classified by models into three families depending 
on mass and superfluid properties: 

1. Slow cooling (Type I): Low-mass stars with strong proton superfluidity sup- pressing fast neutrino 
processes. 

2. Intermediate cooling (Type II): Medium-mass stars where modified Urca and partial CPF 
dominate. 

3. Fast cooling (Type III): High-mass stars where direct Urca and quantum criticality lead to rapid 
thermal decline. 

Observational comparisons with stars such as Vela, PSR 1055–52, and Geminga pro- vide constraints on 
the density-dependent critical temperature profiles Tcn(ρ) and Tcp(ρ), guiding modern simulations of neutron 

star interiors. 

 

3.2.3 Oscillation Modes 

The interior of a neutron star supports a complex spectrum of oscillation modes, many of which are 

fundamentally altered by the onset of superfluidity. In the core, neutrons are expected to pair and form a 

superfluid component, while the protons may form a type-II superconductor. This two-fluid configuration 
leads to a rich set of coupled dynamics, governed by both hydrodynamic and quantum mechanical effects. 

Among the most important oscillation modes in rotating neutron stars are the so- called r-modes [4], which 
are restored by the Coriolis force and have azimuthal components. These modes are particularly significant 

because they can become unstable through the Chandrasekhar–Friedman–Schutz (CFS) mechanism, 
emitting gravitational radiation and potentially regulating the star’s spin evolution. However, in the 

presence of superfluidity, the dynamics of r-modes are modified: mutual friction between neutron vortices 

and the normal component introduces additional dissipation, potentially damping the growth of the 
instability. Moreover, the r-mode instability window—the range of temperature and spin rates for which 

the mode is unstable—shifts due to the altered viscous and thermal properties of the superfluid interior. 
Another class of oscillations, gravity modes or g-modes, arises from buoyancy forces driven by 

composition or temperature gradients. In superfluid neutron stars, the cou- pling between the superfluid 
and normal components gives rise to hybrid g-modes and superfluid counterflow modes, where the fluids 

oscillate out of phase. These modes are highly sensitive to the entrainment effect, in which the momentum 
of one fluid component partially drags the other. The presence of these modes can leave imprints in the 

star’s cooling behavior, timing residuals, and, in principle, gravitational wave signatures from oscillatory 
motion. 
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4 Black Holes 

What would happen if the mass of the star exceeded even the TOV limit? If the star was so big, even 

neutron degeneracy pressure would fail to stabilize it. In such cases, the gravity is so intense that no amount 
of pressure can stop it, and matter starts contracting into the center of mass inside the core, and continues 

to contract infinitely. No matter escapes or resists this intense gravitational pull, which continues to increase 
to the point where even light (which is the upper limit for speed as proved by Einstein’s Theory of 

Relativity) cannot escape the pull of this singular point—later termed as the singularity. The black holes 
formed are, consequently, among the most powerful and fascinating bodies in our universe, being 

completely dark with an event horizon, which is the bound- ary where even light cannot escape. These 

intense conditions bring forth a number of phenomena and challenges in observing them, offering unique 
conditions to test various theories (such as string theory). It is also the subject of one of the most 

intriguing paradoxes and heated debates among physicists, as we shall now see. 

 

4.1 Hawking Radiation and Bekenstein-Hawking Entropy 

Current progress in quantum field theory has further validated the groundbreaking pre- dictions made by 

Hawking, one of the most renowned physicists of the 20th century, regarding black holes. Contrary to the 
classical view that nothing can escape a black hole, Hawking [14] showed that even these extremely dense 

objects emit radiation due to quantum effects near the event horizon. This emission, now known as 
Hawking radiation, is strictly thermal in nature, and its temperature is given by the following expression: 

 

𝑇 =  
ℏ𝑐3

8𝜋𝐺𝑀𝑘𝐵
 

 

Quantum field theory explains this process by revealing that empty space is not truly empty. Instead, it is 

filled with fluctuating quantum fields, where transient virtual particle–antiparticle pairs spontaneously 
appear and annihilate on timescales allowed by the uncertainty principle. Near the event horizon, one 

particle of the pair may fall in while the other escapes to infinity. The escaping particle becomes real, while 
the infalling one effectively reduces the black hole’s mass. 

 

Laws of Black Hole Thermodynamics 

Black holes obey four laws analogous to thermodynamics: 

• Zeroth Law: Surface gravity is constant on the event horizon. 

• First Law: Changes in energy relate to changes in area, angular momentum, and electric charge: 

𝑑𝑀 =  
𝜅

8𝜋
𝑑𝐴 +  𝛺𝑑𝐽 +  𝛷𝑑𝑄 

• Second Law: The area of a black hole’s event horizon never decreases — a black hole equivalent 
of entropy never decreasing. 

• Third Law: It is impossible to reduce surface gravity to zero in finite steps — no black hole with 
zero temperature. 

Under such conditions, it was Bekenstein [5–8] who proposed that a black hole possesses an entropy S 
that is some finite multiple η of its event horizon area A, i.e., 

𝑆 =  𝜂𝐴 
He was unable to determine the exact value of η, but offered heuristic arguments to sup- port the 

proportionality. However, at the time, black holes were thought to be perfectly absorbing objects that did 

not emit any radiation, implying that their temperature was exactly zero. This led many physicists to reject 

Bekenstein’s idea, because assigning a finite entropy to an object with zero temperature contradicted the 

standard thermodynamic relation 

𝑇 = (
𝛿𝑆

𝛿𝐸
)

−1
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Any finite value of η would imply a nonzero temperature proportional to the surface gravity, which was 
inconsistent with the belief that black holes could not radiate. 

Although initially skeptical of Bekenstein’s entropy proposal ( alongside Bardeen and Carter), Hawking’s 
work black holes do radiate resolved this conflict ultimately led to the famous Bekenstein-Hawking 

entropy formula: 

 

𝑆 = (
𝑘𝐵𝑐3𝐴

4𝐺ℏ
) 

 

where A is the area of the event horizon. 

 
(In his initial calculations for the emission, Hawking discovered infinite particles to be emitted by analyzing 

the late stages of the collapse of a stationary black hole, but he later found that this infinity corresponded 

to a steady emission rate. He even discovered that not just spherical bodies, but bodies of other non-
spherical collapses ended up with the same emission) 

This is the famous Bekenstein-Hawking entropy, a concept linking gravity, quantum theory, and 
thermodynamics in a way never before imagined 

 

4.2 Penrose Diagrams and Cauchy Slices 

To appreciate the role of Penrose diagrams, consider that they are a graphical tool developed to represent 

the causal structure of space-time, with an ingenious compactification of infinity onto a finite plane. Named 

after Roger Penrose, these diagrams rescale all of spacetime—including regions infinitely far away—onto 
a finite sheet, bringing infinity to the boundaries of the diagram. Time is represented vertically, space 

horizontally, and crucially, all light rays move at 45° angles. This visual representation allows physicists 
to depict entire universes, event horizons, singularities, and causal paths in a clear and concise fashion. 

In particular, Penrose diagrams are indispensable for studying black holes. For exam- ple, the Penrose 
diagram of a Schwarzschild black hole illustrates how the event horizon is a lightlike surface, and how the 

singularity inside is a spacelike boundary. Since the causal structure is preserved, one can see clearly which 
regions of spacetime are causally connected—which can influence each other. This makes Penrose 

diagrams a powerful method for discussing information flow, event horizons, and the breakdown of 

determin- ism in black hole physics. 

 

Figure 4: Penrose diagram of flat Minkowski spacetime. The diagram compactifies infinite spacetime into 
a finite, diamond-shaped region while preserving causal structure. Light rays move along 45◦ lines, and the 
diagram illustrates the relationship between the distant past, future, and asymptotic regions. This is the 
simplest example of a conformal diagram, serving as a foundation for understanding black hole spacetimes. 
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To appreciate the role of Cauchy slices, consider the structure of spacetime as de- scribed by general 
relativity. A Cauchy slice, or Cauchy surface, is a hypersurface in spacetime such that the data specified 

on this surface determines the entire evolution of the system—past and future—via the Einstein field 
equations. In other words, the physics on a Cauchy slice provides a complete snapshot of the universe at 

an instant, from which the full history can be reconstructed. In the context of black holes and Pen- rose 
diagrams, Cauchy slices are drawn across the spacetime diagram, slicing through regions outside and, 

potentially, inside the horizon. The way these slices intersect the event horizon and singularity is crucial in 

discussions of determinism, predictability, and information flow in black hole spacetimes. 

 

4.3 The Black Hole Information Paradox 

As the advancements in black holes strided, from Hawking to Penrose to many more.  , 

eventually, Hawking’s radiation combined with the concept of Penrose diagrams and Cauchy slices 
developed into one of the most heated debates and one of the most famous paradoxes to ever exist. Let us 

begin to understand it. 
First, let us understand what exactly is information. In physics, information quanti- fies the number of 

possible states a physical system can occupy. It’s closely linked with the concept of entropy: the greater 
the number of microstates or configurations, the more information the system contains. In information 

theory, a ”bit” is the basic unit, representing a binary distinction (like the flip of a coin: heads or tails). For 
quantum systems, quantum information is measured by quantities such as von Neumann entropy. The 

crucial point is that, unlike classical entropy (which may increase and lead to irreversibility), quantum 

information must be conserved due to the fundamental principle of unitarity: 

the total information encapsulated in the wavefunction of a closed quantum system can neither be created 
nor destroyed. 

The utility of Cauchy slices becomes particularly apparent when analyzing the fate of information in black 
hole spacetimes. In classical general relativity, after a black hole forms, certain Cauchy slices can be 

constructed that pass outside the event horizon and also ”wrap around” inside to the region containing the 
singularity. This means not all information about the initial conditions is accessible to observers outside 

the black hole, as parts of the Cauchy slice end at the singularity, where predictability breaks down. This 

mathematical framework lays bare the essence of the so-called breakdown of determinism in black hole 
physics and sets the stage for the information paradox. 

The Black Hole Information Paradox is one of the most profound conflicts in modern theoretical physics, 
lying at the intersection of quantum mechanics and general relativity. It was first proposed by Stephen 

Hawking in the 1970s after his groundbreaking discovery that black holes are not entirely black—they emit 
radiation due to quantum effects near the event horizon, now known as Hawking radiation. 

According to classical general relativity, all information about matter that falls into a black hole is lost from 
the outside universe, hidden beyond the event horizon. When quantum effects are included, Hawking 

showed that black holes radiate thermally, and if they evaporate completely, nothing seems to remain—

just radiation with no imprint of the original information. 
But here lies the paradox: quantum mechanics strictly forbids information loss. Its fundamental principle 

of unitarity requires that the evolution of quantum states is re- versible and preserves information. If black 
holes truly destroy information, this would violate unitarity and require a major revision of quantum 

theory—something most physicists are reluctant to accept. 

 

This conflict gave rise to the Information Paradox: How can black hole evaporation produce purely thermal 

radiation, apparently erasing all information, yet quantum mechanics insists that information must be 

preserved? 

 

The paradox became sharper with Hawking’s original calculation (Hawking, 1975) [14] showing that 

radiation emitted from a black hole is completely thermal, lacking any correlations that could encode 
information about the matter that formed the black hole. As the black hole evaporates away, it leaves only 

this thermal radiation, suggesting a non-unitary evolution from a pure state (the collapsing star) to a mixed 

state (thermal radiation). 
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4.4 Firewall Paradox 

In 2012, the black hole information paradox was sharpened dramatically by Almheiri, Marolf, Polchinski, 
and Sully—collectively known as AMPS [2] — who proposed what is now called the firewall paradox. 
Their core argument is that if black holes emit information-carrying Hawking radiation (to preserve 

quantum unitarity), and if observers falling into a black hole experience nothing unusual at the horizon (as 
required by general relativity’s equivalence principle), then we reach a contradiction due to the monogamy 

of entanglement. Late-time Hawking radiation must be entangled with both the early radiation (to preserve 

unitarity) and with its interior partner particle (as dictated by standard quantum field theory near the 
horizon). But quantum mechanics forbids this: a quantum system cannot be maximally entangled with two 

separate systems simultaneously. AMPS concluded that the entanglement between outgoing and interior 
modes must break down, resulting in a high-energy zone—a firewall—at the horizon that would burn up 

any infalling observer. This radical claim challenges the long-held belief that spacetime is smooth at the 
event horizon and ignited an ongoing debate in theoretical physics. 

The firewall concept violates the equivalence principle, which asserts that freely falling through the horizon 
should feel no extraordinary phenomena. Physicists like Unruh & Wald have argued that firewalls 

introduce ad hoc, nonlocal physics not justified by semiclassical gravity, suggesting instead that the 

paradox stems from overstretching low- energy quantum field theory beyond its domain of validity. A 
proposed resolution is the Fuzzball proposal, derived from string theory, which replaces the smooth 

horizon with a complex quantum structure. This suggests that black holes are actually made up of a huge 
number of microstates with no traditional interior. In this view, there is no “empty” space beyond the 

horizon, and therefore no need for a firewall, as the information is already encoded in the fuzzball geometry. 
A competing idea that attempts to reconcile these tensions is black hole complementarity [20], which 

posits that there is no single observer who can see both the inside and outside of the black hole in full 
detail—thus, contradictions arising from such “global” descriptions are not physically meaningful. 

However, the AMPS paradox argues that even this resolution fails in the presence of quantum entanglement 

over long timescales (i.e., after the Page time), unless some aspect of the theory—be it unitarity, locality, 
or equivalence—must give way. 

In recent years, the holographic principle and developments in AdS/CFT correspondence have provided 
new tools to tackle the paradox. According to the holographic viewpoint 

championed by Suvrat Raju [26] and others, the information inside a black hole is redundantly encoded at 
its boundary; thus, the assumption that Hilbert spaces can be cleanly divided across the horizon is flawed. 

The replica wormhole techniques and Page curve calculations derived from the AdS/CFT framework now 
offer concrete models where information is recovered during black hole evaporation, without invoking 

firewalls. While the firewall remains a powerful diagnostic of where our current understand- ing fails, it is 

increasingly seen as a signpost toward deeper holographic and non-local 

structures in quantum gravity. 

 

4.5 Black Hole Complementarity 

Black hole complementarity proposes a striking resolution to the information paradox by asserting that no 

single observer can see both “inside” and “outside” perspectives of a black hole simultaneously—thus 

avoiding logical contradictions from quantum entangle- ment. This principle was originally developed by 
Leonard Susskind, La´rus Thorlacius, and John Uglum in the early 1990s. From an external perspective, 

information falling into the black hole appears to be absorbed, scrambled, and stored at a “stretched 
horizon”—a Planck-scale hot membrane just outside the event horizon—which then emits the infor- mation 

back through Hawking radiation. Meanwhile, an infalling observer experiences no drama at the horizon 

and continues toward the singularity. Complementarity recon- ciles these two views by emphasizing that 
both are valid yet mutually exclusive, since no observer can verify both descriptions due to causal 

constraints and the no-cloning theorem. 
Recent clarification by Siddharth Muthukrishnan in Unpacking Black Hole Complementarity [20] 

distinguishes between two forms: descriptive complementarity and operational complementarity. 
Descriptive complementarity posits that both the in- falling and external descriptions are equally valid 

representations of the same physical system. Operational complementarity, on the other hand, only requires 
that any actual experiment an observer performs will never detect a violation of quantum mechanics. 

Muthukrishnan argues that while descriptive complementarity may fail under certain global considerations, 

operational complementarity remains robust—ensuring no contra- diction is witnessed by any single 
observer. 
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In summary, complementarity offers a subtle but powerful resolution: information is not lost; it is simply 
observer-dependent. From the outside, the black hole behaves like a quantum firewall or hot membrane 

that emits scrambled information. From the inside, the infalling observer experiences classical smoothness. 
Because these views cannot be simultaneously realized by a single observer, the theory remains consistent. 

 

4.6 Holographic Principle and AdS/CFT Correspondence 

The black hole information paradox brought forth a conceptual tension between the principles of general 
relativity and quantum mechanics. To address this, one of the most profound and supported ideas developed 

over the last few decades is the holographic principle. Proposed by Gerard ’t Hooft and Leonard Susskind 

[28, 29], this principle suggests that all the information contained within a volume of space can be 
represented as information on the boundary of that region. In black hole thermodynamics, the entropy of a 

black hole is proportional not to its volume, but to the area of its event horizon. 
A concrete realization of the holographic principle emerged in 1997 through the work of Juan Maldacena, 

who proposed the AdS/CFT correspondence. This duality posits that a gravitational theory in d-
dimensional anti-de Sitter (AdS) space is equivalent to a conformal field theory (CFT) living on its (d−1)-

dimensional boundary. Veronica Hubeny and others have elaborated this correspondence through the bulk-
boundary dictionary, mapping bulk fields to CFT operators. 

In Lessons from the Information Paradox, Suvrat Raju [26] emphasizes that in quantum gravity theories 

obeying holography, spatial locality becomes subtle. The quantum state of a black hole does not factor into 
independent subsystems inside and outside the horizon. Instead, all the information is redundantly encoded 

at the boundary. This re- solves the paradox by invalidating the assumption that inside and outside Hilbert 
spaces are independent. 

Modern techniques using quantum extremal surfaces and replica wormholes, such as the island 
prescription, now reproduce the Page curve—a time-dependent entropy evolution consistent with unitary 

evaporation. This development strongly supports the holographic framework in resolving the information 
paradox. 

 

4.7 Other Proposals 

Despite the promising frameworks of complementarity and holography, the black hole information paradox 

continues to inspire a range of alternative theories. 

• ER = EPR Conjecture: Proposed by Maldacena and Susskind, this idea links entanglement (EPR) 
to non-traversable wormholes (ER bridges), suggesting that quantum entanglement may be equivalent to 

spacetime connectivity. This may offer a way for information to escape black holes via geometric 
entanglement. 

• Fuzzball Proposal: Originating in string theory, this approach by Mathur [18] posits that black holes 
are actually made up of a vast ensemble of microstates—each without a singularity or event horizon. The 

black hole geometry emerges statistically, and information is never hidden behind a horizon. 

• Soft Hair Hypothesis: Proposed by Hawking, Perry, and Strominger [15], it suggests that black 
holes possess soft graviton modes—“soft hair”—that record information. These low-energy modes arise 

from asymptotic symmetries and can potentially preserve quantum information. 

• Quantum Tunneling Models: These models (e.g., Parikh-Wilczek [24]) describe Hawking 
radiation as a quantum tunneling process through the horizon, predict- ing small deviations from pure 

thermality, which may encode correlations carrying information. 

• Black Hole Remnants:  In The Case for Black Hole Remnants:  A Review, Ong [21] surveys models 

suggesting that information may be preserved in stable or metastable remnants left after black hole 
evaporation. These Planck-scale objects could store all infallen data, providing a possible resolution to the 

information paradox without requiring new physics at the horizon, by stating that the information was never 
lost at all. 

• Paradox Lost (Maudlin’s Argument): Philosopher Tim Maudlin [19] argues that the black hole 

information paradox is a pseudo-problem, arising from a misap- plication of quantum mechanical 
principles. He contends that the global structure of spacetime allows for unitarity to be preserved without 

contradiction, even if the information is inaccessible to observers who remain outside the event horizon. 
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These novel approaches reflect a growing belief that resolving or confirming ( or denying ) the information 

paradox demands a fundamental rethink of how spacetime, entropy, and information are interwoven. 

Whether through string theory, holography, or semi-classical corrections, the future of black hole physics 
lies in decoding these quantum gravitational imprints. 

An interesting thing I came across would be the Copenhagen Survey. The Copenhagen Survey on Black 
Holes and Fundamental Physics conducted during the 2024 “Black Holes Inside and Out” conference in 

Copenhagen collected 85 completed responses from 151 participating experts. Its goal was not to settle 

scientific debates, but to offer a sociological snapshot of expert attitudes across several contentious areas 
in theoretical physics. 

The survey covered a remarkably broad scope: black hole information loss, supermassive black hole 
formation, the fate of matter inside event horizons, possible observational signatures of quantum gravity, 

interpretations of quantum mechanics, candidates for dark matter and dark energy, the meaning of the Big 
Bang, and more. What made the survey compelling wasn’t just its breadth, but the nuanced and often 

divided opinions it revealed. For instance, although preserving information via Hawking radiation was the 
most common belief (27%), a notable 22% still thought information is irretrievably lost—a stark contrast 

to the often-cited consensus around unitarity and the holographic principle [12]. 

 

5 Conclusion 

The journey of a star does not end with its last fusion reaction — instead, it transforms into one of the most 
extreme laboratories for physics in the cosmos. From the degenerate pressures that support white dwarfs, 
to the superfluid vortices and quantum criticalities of neutron stars, and finally to the paradox-rich realm 

of black holes, each stellar remnant pushes the boundaries of our understanding of matter, energy, and 

spacetime. 
Quantum mechanics, once thought to govern only the microscopic, reveals its finger- prints on the most 

massive and enigmatic structures in the universe. In neutron stars, we witness quantum fluids, vortex 
dynamics, and superfluidity at astrophysical scales, while black holes challenge our very notions of 

information, entropy, and the fabric of reality through ideas like Hawking radiation, holography, and 
quantum tunneling. 

Despite decades of theoretical and observational progress, fundamental questions re- main unresolved. 
Do black holes destroy information or merely conceal it in holographic encodings? What governs the 

behavior of matter at Planckian densities in neutron star cores? How do the principles of unitarity 

reconcile with the presence of event horizons? As future missions like LISA, the Event Horizon 
Telescope, and JWST probe deeper into these cosmic phenomena, they promise not only to refine our 

models but possibly to rewrite the rules altogether. The afterlife of stars, far from being a dead end, 
continues to illuminate the path toward a quantum theory of gravity — one of the deepest goals of 

modern physics. 
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