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ABSTRACT 

 

In this review article I am going to discuss about black hole thermodynamics, 

Hawking radiation and the information paradox. This article is mainly based on Tasi 

lectures on black holes in string theory1. 
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1.  INTRODUCTION 

  

If some assumptions about the field content of the Lagrangian is given, classical no- 

hair theorems for black holes can be derived; see e.g.2. For example, if there is a U (1) gauge 

field minimally coupled to Einstein gravity in d=4, then the no-hair theorem states that an 

observer outside the black hole can measure only the mass M, charge Q, and angular 

momentum J of a black hole. Classically, this means that, we can’t have much knowledge of 

the black hole from the outside. 

 

1.1 Laws of classical black hole mechanics  
 

Laws of classical black hole mechanics were discovered in the late 1960’s and early 

1970’s3. These resembled to the laws of thermodynamics.  
 

A).  The zeroth law is that the surface gravity κ is constant over the horizon of a stationary 

black hole.  

B).  The first law says  

  dM = κ dA / 8π + ωH dJ + Φe dQ ,                                                         (1.1) 

where ωH is the angular velocity at the horizon and Φe the electrostatic potential.  

C). The second law says that the horizon area A must be nondecreasing in any (classical) 

process.  

D).  Lastly, the third law says that it is impossible to achieve κ =0 via a physical process such 

as emission of photons.  
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1.2 Black hole entropy  
 

From (1.1) and other arguments, Bekenstein proposed4 that the entropy of the black 

hole should be proportional to the area of the event horizon. Hawking’s semiclassical 

calculation of the black hole temperature  

TH = ℏκ /2π                                                                                  (1.2)  

made the entropy-area identification precise by fixing the coefficient. In the reference frame 

of an asymptotically faraway observer, Hawking radiation is emitted at the horizon as a perfect 

blackbody.  

 The Bekenstein-Hawking entropy in any spacetime dimension d is 

SBH = Ad /4ℏGd                                                                             (1.3)  

where Ad is the area of the event horizon, and Gd is the d-dimensional Newton constant. This 

is a universal result for any black hole, applicable to any theory with Einstein gravity as its 

classical action.  
 

1.3 Holography  
 

As SBH scales like the area rather than the volume, it violates the naive intuition about 

extensivity of thermodynamic entropy. In fact the area scaling has been argued to be evidence 

for “holography”. Since the entropy scales like the area rather than the volume, the 

fundamental degrees of freedom describing the system are characterised by a quantum field 

theory with one fewer space dimensions and with Planck-scale UV cut-off. This idea was 

elevated to a principle by ’t Hooft and Susskind. The “AdS/CFT correspondence” does in fact 

provide an explicit and precise example of this idea6.  
 

1.4 Jean’s instability  
 

If we wish to work in the canonical thermal ensemble, an asymptotically flat black 

hole cannot really be in equilibrium with a heat bath. The trouble is the Jeans instability: even 

a low-density gas distributed throughout a flat spacetime will not be static but it will undergo 

gravitational collapse. Technical ways around this problem have been devised, such as putting 

the black hole in a box and keeping the walls of the box at finite temperature via the proverbial 

reservoir. This physical setup puts in an infrared cut-off which gets rid of the Jeans problem. 

It also alters the relation between the black hole energy and the temperature at the boundary 

(the walls of the box rather than infinity). This in turn results in a positive specific heat for the 

black hole. For a large box, which is appropriate if we wish to affect properties of the spacetime 

as little as possible, the black hole is always the entropically preferred state, but for a small 

enough box hot flat space results. For more details see5.  
 

1.5 Bakenstein bound  
 

As the black hole Hawking radiates, it loses mass, and its horizon area decreases. Since 

the area of the horizon is proportional to the black hole entropy, it might appear that this area 

decrease signals a violation of the second law. On the other hand, the entropy in the Hawking 

radiation increases. Defining a generalised entropy, which includes the entropy of the black 

hole plus the other stuff such as Hawking radiation,  

http://www.physics-journal.org/
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Stot = SBH  + Sother  ≥ 0 ,                                                                         (1.4)  

was argued by Bekenstein to fix up the second law.  

 Using gedanken experiments involving gravitational collapse and infalling matter, 

Bekenstein also argued that the entropy of a system of a particular volume is bounded above 

by the entropy of the black hole whose horizon bounds that volume. The Bekenstein bound is 

however not a completely general bound, as pointed out by Bekenstein himself. The system to 

which it applies must be one of “limited self- gravity”, and it must be a whole system not just 

a subsystem.  

 

1.6 Bousso bound  

 

Bousso7 formulated more general, covariant, entropy bound. A new ingredient in this 

construction is to use null hypersurfaces bounded by the area A. The surfaces used are “light-

sheets”, which are surfaces generated by light rays leaving A which have nonpositive 

expansion everywhere on the sheet. The Bousso bound then says that the entropy on the sheets 

must satisfy8  

SBH ≤ A/4                                                                                (1.5)  

One or other of two conditions on the entropy flux across the light-sheets was required. 

These conditions are physically reasonable conditions for normal matter in semiclassical 

regimes below the Planck scale. The conditions can be violated, and so the bound does not 

follow from fundamental physical principles. It does however hold up in all semiclassical 

situations where light-sheets make sense, as long as the semiclassical approximation is used in 

a self-consistent fashion7. See also a different discussion of holography in9.  

While the Bousso bound is a statement that makes sense only in a semiclassical 

regime, it may well be more fundamental, in that the consistent quantum theory of gravity 

obeys it.  

 

2. THE BLACK HOLE INFORMATION PROBLEM  
 

Identifying the Bekenstein-Hawking entropy as the physical entropy of the black hole 

gives rise to an immediate puzzle, namely the nature of the microscopic quantum mechanical 

degrees of freedom giving rise to that thermodynamic entropy. Another puzzle, the famous 

information problem10, arose from Hawking’s semiclassical calculation which showed that the 

outgoing radiation has a purely thermal character, and depends only on the conserved quantum 

numbers coupling to long-range fields. This entails a loss of information, since an infalling 

book and a vacuum cleaner of the same mass would give rise to the same Hawking radiation 

according to an observer outside the horizon. In addition, since the classical no-hair theorems 

allow observers at infinity to see only long-range hair, which is very limited, black holes are 

in the habit of gobbling up quantum numbers associated to all global symmetries.  

 In the context of string theory, which is a unified quantum theory of all interactions 

including gravity, information should not be lost. As a consequence, the information problem 

must be an artefact of the semiclassical approximation used to derive it. Information must 

http://www.physics-journal.org/
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somehow be returned in subtle correlations of the outgoing radiation. This point of view was 

espoused early on by workers including16,17 and collaborators following the original suggestion 

of Page18. Information return requires a quantum gravity theory with subtle nonlocality, a 

property which string theory appears to possess. The AdS/CFT correspondence is one context 

in which we have an explicit realization in principle of the information retention scenario, as 

discussed in Susskind’s lectures at this School. The information problem is therefore shifted 

to the problem of showing precisely how semiclassical arguments break down. This turns out 

to be a very difficult problem, and solving it is one of the foremost challenges in this area of 

string theory.  

 

2.1 Different approaches to resolve the information problem  
 

The idea that information is just lost in quantum gravity10 has many consequences apt 

to make high energy theorists queasy. We just mention that one of them is that it usually 

violates energy conservation, although a refinement is possible11 where clustering is violated 

instead. Another scenario is that all of the information about what fell into the black hole during 

its entire lifetime is stored in a remnant of Planckian size. The main problem with this scenario 

is that energy is needed in order to encode information, and a Planck scale remnant has very 

little energy. In addition, remnants as a class would need an enormous density of states in order 

to be able to keep track of all information that fell into any one of the black holes giving rise 

to the remnant. This enormous density of states of Planck scale objects is incompatible with 

any object known in string theory. Such a huge density of states could also lead to a 

phenomenological disaster if tiny virtual remnants circulate in quantum loops. Remnants also 

cause trouble in the thermal atmosphere of a big black hole13. A possibility for remnants is that 

they are baby universes. One approach to baby universes was to consider in a Euclidean 

approach our large universe and the effects on its physics due to a condensate of tiny (Planck-

sized) wormholes. Arguments were made14 that the tiny wormholes lead to no observable loss 

of quantum coherence in our universe. Nonetheless, the baby universe story does involve in-

principle information loss in our universe, and the physics depends on selection of the wave 

function of the universe. It is also difficult15 to be sure that there are only tiny wormholes 

present. Lastly, Wick rotation from Euclidean to Lorentzian signature is not in general a well-

understood operation in quantum gravity.  

 The original Hawking radiation calculation is semiclassical. The computation of the 

thermal radiation spectrum, and subsequent computations, use at some point unwarranted 

assumptions about physics above the Planck scale. This is a fatal flaw in the argument for 

information loss. It has however been argued that the precise nature of this super-Planckian 

physics does not impact the Hawking spectrum very much, and that as such it is a robust 

semiclassical result.  

 An interesting piece of semiclassical physics19 is that all except a small part of the 

black hole spacetime near the singularity can be foliated by Cauchy surfaces called “nice 

slices”, which have the property that both infalling matter and outgoing Hawking radiation 

have low energy in the local frame of the slice. An adiabatic argument19 then led to the 

http://www.physics-journal.org/
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conclusion that return of information in the framework of local field theory is difficult to 

reconcile with the existence of nice slices. One possibility is that the singularity plays an 

important role in returning information, although it can hardly do so in a local manner.  

 Showing that the information return scenario is inconsistent turns out to be very 

difficult. One of the salient features of a black hole is that it has a long information retention 

time, as argued in21,6 using a result of Page20 on the entropy of subsystems. The construction 

involves a total system made up of two subsystems, black hole and Hawking radiation; it is 

assumed that the black hole horizon provides a true dividing line between the two. The entropy 

of entanglement encodes how entangled the quantum states of the two subsystems are. In the 

literature there has been some confusion about the physical significance of the entanglement 

entropy. Let us just mention that although in the above example it is bounded above by the 

statistical entropy of the black hole, it is generally not identical to the black hole entropy.  

 The information return scenario does require that we give up on semiclassical gravity 

as a way of understanding quantum gravity. We also consider it unlikely that the properties 

needed to resolve the information problem are visible in perturbation theory at low (or indeed 

all) orders23. It is therefore very interesting to search for precisely which properties of string 

theory will help us solve the information problem. Although perturbative string theory obeys 

cluster decomposition, it does not obey the same axioms as local quantum field theory. In 

addition, the only truly gauge- invariant observable in string theory is the S-matrix. Some 

preliminary investigations of locality and causality properties of string theory were made in22.  

 

CONCLUSION  

 

The conclusions we wish the reader to draw from the discussion are twofold. Firstly, 

the violations of locality needed in order to return information must be subtle, in order not to 

mess up known low-energy physics. Secondly, we will have to understand physics at and 

beyond the Planck scale to understand precisely why black holes do not gobble up information. 

It is likely that there is a subtle interplay between the IR and the UV of the theory in quantum 

gravity, entailing breakdown of the usual Wilsonian QFT picture of the impact of UV physics 

on IR physics. It is also possible that the fundamental rules of quantum mechanics need to be 

altered, although there is no clear idea yet of how this might occur. Recent studies of non-

commutative gauge theories such as24 show that those theories whose commutative versions 

are not finite possess IR/UV mixing.  
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