arXiv:1201.2079v1 [hep-th] 10 Jan 2012

The information paradox: conflicts and resolutions^1

Samir D. Mathur

Department of Physics, The Ohio State University, Columbus, OH 43210, USA

mathur@mps.ohio-state.edu

Abstract

Many relativists have been long convinced that black hole evaporation leads to information loss or remnants. String theorists have however not been too worried about the issue, largely due to a belief that the Hawking argument for information loss is flawed in its details. A recently derived inequality shows that the Hawking argument for black holes with horizon can in fact be made rigorous. What happens instead is that in string theory black hole microstates have no horizons. Thus the evolution of radiation quanta with E ∼ kT is modified by order unity at the horizon, and we resolve the information paradox. We discuss how it is still possible for E ≫ kT objects to see an approximate black hole like geometry. We also note some possible implications of this physics for the early Universe.

1(Expanded version of) proceedings for Lepton-Photon 2011.

1 Introduction

The quantum theory of black holes involves all three of the fundamental constants of nature – c, ℏ, G. So we can hope that studying black holes will lead us towards an ultimate theory of all physics.

But in 1974 Stephen Hawking showed that what we get instead is a contradiction [1]. Suppose a star collapses to make a black hole with the structure expected from general relativity. Hawking showed that the natural evolution of quantum mechanics will take the initial wavefunction of the star to a state that cannot be described by a wavefunction. This conflict between general relativity and quantum mechanics is termed the ‘black hole information paradox’ because the information in the initial wavefunction disappears from the the final configuration of the system.

One may think that this problem is arising because we do not have a correct theory of quantum gravity. If that was the case there would be no paradox; merely a observation that the details of planck scale physics need to be worked out better. But Hawking’s paradox is so important because it appears to require no details of quantum gravity at all. The only assumptions that go in are (i) usual laboratory physics holds in gently curved spacetime and (ii) the black hole horizon is a regular region with gentle curvature.

Given Hawking’s result, one may wonder why physicists have not been more worried about the paradox. The situation is actually even more confusing. Many relativists are convinced that evaporation of black holes leads to information loss or ‘remnants’ (planck sized objects that ‘lock up’ information). String theorists, on the other hand believe in neither of these outcomes; they expect that the black holes evaporation is like the burning up of a piece of paper; the initial wavefunction of the hole does become an ordinary final state wavefunction of the emitted quanta, so there is no ‘information loss’.

If the string theorists do not see a problem, then what is their answer to Hawking’s argument? It turned out that string theorists quite generally believed that Hawking’s argument was faulty: Hawking only did a leading order computation showing information loss, and if subleading terms were carefully computed, the problem would go away. But if subleading corrections were indeed important, why did relativists continue to believe in information loss?

In 2005 Hawking himself conceded a long held bet with Preskill, arguing that small corrections from subleading saddle points in the Euclidean path-integral could remove the problem [2]. But Hawking’s co-signer on the bet, Thorne, refused to concede; after all Hawking had not shown any clear way in which small corrections could remove the difficulty.

So who is right?

In 2009 an inequality was derived which proves that small corrections cannot resolve the problem [3]. What then is the resolution? It turns out that what breaks down is assumption (ii) which stated that black holes have regular horizons. This assumption arose from many years of efforts by relativists to find deformations of the black hole geometry. The failure of these efforts led to a belief: ‘black holes have no hair’; that is, the only state for the black hole appeared to be the standard one with a round, gently curved horizon. We will see that in string theory we can in fact find ‘hair’; it turns out that there are no regular horizons for energy eigenstates in string theory. The ‘hair’ arises from a nonperturbative twistings of the compact directions over the noncompact ones. For the simplest holes we can count the all such states and find that their number agrees with the Bekenstein entropy.

The construction of these states (called ‘fuzzballs’) resolves the information paradox, since they invalidate Hawking’s premise of a smooth horizon. Further, we can explicitly compute the emission from the simplest fuzzballs and see the information of the microstate being imprinted on the outgoing radiation, though the coarse-grained radiation rate agrees with the Hawking radiation rate expected for that state.

But we can still wonder if any aspect of our original classical intuition still holds; i.e., is there a sense in which the traditional black hole geometry is still valid? We will see that the key to understanding this issue is to note a separation of energy scales. For energies of order the temperature T of the hole, the dynamics at the horizon sees the detailed difference between microstates; this is of course required if the radiation is to carry away information. But experiments at E ≫ kT excite collective modes of the fuzzball, which are insensitive to the precise state of the fuzzball. Further, correlation functions derived from such collective modes agree to leading order with correlators computed in the traditional black hole geometry.

In this article we will give an overview of these developments, and end with a conjecture on the implications of this physics for early Universe Cosmology.

2 The entropy problem

Consider a black hole of mass M. Take a box of gas, containing an entropy S_{matter}, and throw it into the hole. The gas disappears from view, taking its entropy with it. Have we reduced the entropy of the universe and thus violated the second law of thermodynamics?

The general answer to this would be no, it should not be so easy to violate the second law. If we throw the box of gas in a trash can, we do not decrease overall entropy; the entropy of the can goes up. Of course we cannot easily look inside a black hole to check if the entropy is there, but somehow we would still like to believe that when the black hole swallowed the box of gas, its entropy increased. The mass of the hole certainly goes up, and so does its radius R =^{2GM}_{c2} . Suppose we associate an entropy with the black hole equal to [4][1] S_{bek} = c^3A 4ℏG = A 4G (2.1)

where A is the surface area of the hole and in the second step we have set c = ℏ = 1. Then detailed computations show that dS_{bek} dt + dS_{matter} dt ≥ 0 (2.2)

for all physical processes involving the black hole. This suggests that the ‘Bekenstein entropy’ (2.1) is indeed the entropy of the black hole.

But from the work of Boltzmann we have learnt that, for usual systems, the entropy equals log N , where N is the number of microstates for a given total energy. This suggests that the black hole should have Exp[S_{bek}] microstates. This is where we encounter our first puzzle. People tried to look for these microtstates by looking for small distortions of the usual Schwarzschild geometry

ds^2 = −(1 − 2M r )dt^2 + dr^2 1 −^{2GM}_r + r^2dΩ^2 (2.3)

One could then hope that these approximately similar objects would give the Exp[N ] microstates needed to account for the entropy S_{bek}. But people could find no such deformations [5]. If we take any small perturbation of (2.3) then the energy in the perturbation either flows off to infinity or falls to the center of the hole, and the horizon settles down to its standard round shape as before. Repeated failure to find deformations of (2.3) came to be called a ‘theorem’: black holes have no hair – they have only the standard ‘bald’ shape.

If a black hole of mass M has only one state, then its entropy would be ln 1 = 0. This is in sharp contrast to the expression (2.1), which implies 10^{1077} states for a solar mass black hole.

This is a puzzle, but not really problem for physics. It could just be that the differences between states all lie at the central singularity r = 0, where they are buried in planck scale physics. Or perhaps entropy is not given by a count of states in gravitational systems. But the next problem encountered with black holes was very serious, and could not be explained away by our ignorance of quantum gravity.

3 The information paradox

To understand the paradox found by Hawking, it is useful to first look at the Schwinger process in electrodynamics. There is no paradox with the Schwinger process, but this process is so similar to particle production in black holes that it is useful as a warm up model. Thus consider two parallel wire mesh plates, one carrying positive charge and one negative (fig.1). There is an electric field ⃗E between the plates. The normal vacuum always contains vacuum fluctuations – pairs of electrons and positrons are created and quickly annihilated. But in the presence of the electric field, a pair can be created, and before it has a chance to annihilate, get separated – the electron getting pulled to the positive mesh and the positron to the negative mesh. These particle pass through the respective meshes and fly apart, and we have obtained a particle pair from the vacuum. The process keeps repeating, as long as the field ⃗E is maintained.

The important aspect for us is the state of a created pair. Let us assume that the pair is created in a spin singlet state: |ψ⟩_{pair} = 1 √ 2 ( | ↑⟩_e− | ↓⟩_e+ − | ↓⟩_e− | ↑⟩_e+ ) (3.1)

Then the electron and positron are in an entangled state, with an entanglement entropy S_{ent} = ln 2. After N steps of pair creation, the state to the left side is entangled with the state on the right side with S_{ent} = N ln 2.

This computation is straightforward and does not lead to any problem: entangled states are common in physics, and all we have seen is that the Schwinger pair creation process naturally leads to entangled states. But now we will see how a similar process occurs around black holes (where the gravitational field replaces the electric field above) and this time there will be a problem.

The crucial property of the black hole geometry is the existence of a horizon at r = M, where the coefficient of dt^2 and dr^2 change sign. To study evolution, we need to foliate spacetime by spacelike slices (figs.2,3). For r > 3M, say, we can use the normal spacelike slice t = const. Inside the hole, however, t = const is timelike, and a spacelike slice would be r = constant. Let us take r = M, which is not too near near the singularity r = 0 and not too near the horizon r = 2M. The parameter t measures distances along this spacelike alice, and we see

Figure 1: Electron positron pairs are created from the vacuum, and pass through the positive and negative grids. The two members of each pair are entangled with each other, generating an entanglement entropy S_{ent} = N ln 2 between the left and right sides of the figure.

that there can be an infinite amount of proper length on the spatial slice inside the hole. This is the feature that distinguishes the black hole from, say, a neutron star. We can connect the t = const part of the slice with the r = const part using a smooth ‘connecter’ segment – this can be seen from the Kruskal coordinates covering the black hole geometry.

Let us see the consequences of this curious foliation. To study evolution we have to move from one spacelike slice to a later one. Outside the hole, we make the new slice by taking t → t + Δ. For the part r = const, let us not evolve al all; evolving forward in time means evolving closer to r = 0, where we do not want to go. We keep unchanged the intrinsic geometry of the connector slice. To join the connector to the r = M part of the slice, we see that we have to take a longer segment of the r = M slice. Thus the later slice in the foliation is obtained by ‘stretching’ part of the earlier slice. The black hole geometry had appeared time-independent in the Schwarzschild coordinates (2.3), but those coordinates failed at the horizon. Any complete foliation by Cauchy slices of the black hole geometry will necessarily be time-dependent. This time dependence of the geometry prevents the system from settling down to a given vacuum state: since the vacuum is different on each slice, the vacuum state on one slice becomes the vacuum on the next slice plus some particle pairs.

Thus we get pair creation similar to pair creation in the Schwinger process. One particle is created on the part of the slice outside the horizon, and one inside. Each time we evolve the outer part of the slice by Δt ∼ M, the middle of the slice stretches; the earlier created pairs get pushed further apart, and a new pair gets pulled out of the vacuum in the middle of the slice. The crucial point again is the state of the created pair: it is an entangled state. This entanglement may come from the spin of the created quanta, or from an internal degree of freedom like isospin, but even for particles carrying no quantum numbers we get an entanglement. At each step of ‘stretching’ there is an amplitude to create no pairs, an amplitude to create one pair, an amplitude to create two pairs, etc. Restricting to the first two possibilities, we write the state

Figure 2: The Penrose diagram of a black hole formed by collapse of the ‘infalling matter’. The spacelike slices satisfy all the niceness conditions N.

Figure 3: A schematic set of coordinates for the Schwarzschild hole. Spacelike slices are t = const outside the horizon and r = const inside. Assuming a solar mass hole, the infalling matter is ∼ 10^{77} light years from the place where pairs are created, when we measure distances along the slice. Curvature length scale is ∼ 3 km all over the region of evolution covered by the slices S_i.

schematically as |ψ⟩_{pair} = 1 √ 2 ( |0⟩_n|0⟩_n′ + |1⟩_n|1⟩_n′ ) (3.2)

where n, n^′ refer to quanta on the inner and outer parts of the slice at the nth step in the evolution. As in the Schwinger process, with the state (3.2) we get an entanglement entropy S_{ent} = N ln 2 after N steps of evolution. (See [6]) for a detailed computation.)

The important issue comes when we consider the endpoint of the pair creation process. In the Schwinger process, if we had taken two solid plates instead of wire meshes and let ⃗E be created by the charge on these plates, then the created pairs would slowly deplete the charge on the plates. When ⃗E goes to zero, the process stops, and we are left with two heavily entangled plates. In the black hole, the outer members of the pair float off to infinity, carrying energy. The inner members of the pair have negative energy, so they reduce the mass of the hole. What is the endpoint of this process? There are two possibilities:

(i) The evaporation stops when we reach a planck sized remnant. The outer and inner spaces are entangled with a large entanglement entropy S_{ent} = N ln 2. This means that the remnant must have at least 2^N internal states. But N can be made arbitrarily large, since we could have started from an arbitrarily large hole. Thus we are forced to admit an unbounded number of states in a finite energy range (planck mass) in a finite volume (planck length). It seems hard to imagine a field theory that could accommodate this requirement.

(ii) The hole evaporates away completely. In this case the outer members of the pairs are entangled, but there is nothing left that they are entangled with. These quanta can therefore not be described by any wavefunction; only by a density matrix. Thus an initial pure state (the gas making up the collapsing star) evolves to a black hole, and after evaporation, into something that can only be described by a mixed state. This outcome, initially proposed by Hawking, destroys the underlying structure of quantum mechanics where wavefunctions evolve to wavefunctions by a unitary evolution process.

Why did we run into a problem with the black hole, and not with the Schwinger process? In both cases we create an entangled state, but in the black hole case we deplete away to zero the energy of one of the two entangled sides. If we have no energy, it is difficult to imagine having any states, and that is the source of the problem. But how could the black hole mass go to zero? The hole contained all the stuff that went in to make the hole in the first place, as well as all the infalling members of the created pairs. But the latter had negative energy, and this is how the total mass of the hole can go to zero. How can some quanta have negative energy? This is where the special property of gravity comes in: the gravitational potential is attractive, so an object of mass m placed near a hole of mass M has, in a Newtonian estimate, an energy E = mc^2 −^{GMm}_r . For r ≲^{GM}_{c2} we get E < 0; a proper relativistic computation supplies a factor of 2 giving the critical distance as r =^{2GM}_{c2} . Thus quanta inside the horizon can have negative energy, and this negative sign can be traced back to the attractive nature of gravity.

Before moving on, let us note that the entropy puzzle and the information problem are closely connected. Normal bodies do not have their mass all sitting at r = 0; their structure is spread over their volume, so we can explicitly see their microstates and count them. When it comes to radiating energy, microstates radiate from their surface, where the details of the microstate gets encoded in the emanating radiation. In the black hole, we have a vacuum solution outside r = 0. Thus we cannot count microstates, and radiation is emitted by pair production from the vacuum; this creates the entangled state that leads to the information paradox.

4 The issue of small corrections

Relativists tried hard to bypass the above paradox, but could find no way around it. Finding ‘hair’ at the horizon would have helped: if the geometry in the horizon region was not the vacuum geometry, then perhaps the pair creation would be altered in some way that would not lead to a monotonically rising entanglement between the inside and the outside of the hole. But the ‘no-hair theorem’ remained firm. Reluctantly, many of them became believers in either the existence of remnants or in the inevitability of information loss.

The string theory community, however, were not overly concerned about the problem. String theory seemed to be a good quantum theory of gravity at low energies, so it was hoped that it would take care of any problems in more complex situations, like black holes. But what about Hawking’s explicit computation leading to remnants/information loss?

Most string theorists believed that Hawking’s argument was wrong. There were a few different points of suspicion. As it turned out, these suspicions were unfounded and the original Hawking argument was correct, but let us take a moment to review these arguments because they confused the issue for a while.

4.1 Transplankian modes

In the way Hawking’s original computation was presented, it appeared that later and later pairs would be produced from vacuum modes that started off with shorter and shorter wavelengths. Since these initial wavelengths would be shorter than planck length, and we do not really know physics below the planck length, it was believed that Hawking’s computation relied on an oversimplified model of the quantum vacuum at transplankian energies.

This fear is, however, unfounded, since one can redo Hawking’s argument in a way that does not involve transplanckian physics at all. All we have to do is use a ‘good slicing’ at the horizon, like the one we used in our above explanation of Hawing radiation. Let the black hole be solar mass, with a radius ∼ 3 km. We follow the evolution of a fourier mode straddling the horizon from the time it is wavelength 1 fermi to the time its wavelength is ∼ 3 km: a range where we know quantum physics very well. Now we ask the following. When the wavelength was 1 fermi, was the mode in the vacuum state or an excited state? If it was excited, we would have nuclear density at the horizon, not the vacuum, and we have to explain how we got such ‘hair’ in place of the metric (2.3). If the mode was in the vacuum state, then its evolution on the gently curved metric (2.3) is known, and so we have no choice but to get the entangled pair when the wavelength becomes ∼ 3 Km. Thus if we are given the ‘no-hair theorem’, we can arrive at Hawking’s problematic entanglement without any mention of transplanckian physics.

4.2 Small corrections

A second confusion arose from the notion of small corrections. The argument goes as follows. Hawking did a leading order computation of pair creation, which gave a large entanglement S_{ent} between the outer and inner quanta. But at each creation step there will be some small corrections do to quantum gravity effects. These corrections have to be small, since we know the evolution of low energy modes at the smooth horizon to a very good approximation. But the number of created pairs is very large, of order (_M m_{pl} )_2

. Small corrections to each pair, cumulated over a large number of pairs, may lead to a final state where S_{ent} ≈ 0, which would evade the problem.

If small corrections could indeed reduce S_{ent} to zero, there would be no Hawing paradox; everyone would readily admit the existence of subleading corrections to Hawking’s entangled pair state. The problem was that no one had ever shown an example where small corrections did lead to a nonentangled state. And string theorists did not explicitly produce such an example; they implicitly believed that something should make Hawing’s problem go away, and since the black hole geometry (2.3) looked inevitable, it must be the small corrections from quantum gravity effects that were taking care of the problem.

It was such an argument of small corrections that led Hawking to reverse his view in 2005 and agree that information would probably not be lost [2]. He considered the Euclidean path integral,and noted that there would be a leading saddle point giving semiclassical physics, and subleading saddle points giving small corrections. (In fact such corrections are exponentially small in the mass of the hole.) It was then argued that taking these subleading effects would remove the original entanglement problem.

But most relativists could see no power in this argument: if the subleading saddle point could change things in the Euclidean language, then what is the analog of this change in the Lorentzian section where the problem is actually posed? We have not changed the leading order semiclassical evolution, so why is it clear that the large entanglement will go away? As mentioned in the introduction, Hawking surrendered his bet to Preskill, but Thorne, Hawking’s co-signer, did not.

As it turned out, the small corrections argument is wrong. Suppose that at each step of evolution the state of the entangled pair can differ from Hawking’s leading order pair state only by a small admixture of the other state making up the Hilbert space of the pair |ψ⟩_{pair} = α ( |0⟩_n|0⟩_n′ + |1⟩_n|1⟩_n′ ) + β ( |0⟩_n|0⟩_n′ − |1⟩_n|1⟩_n′ ) (4.1)

with |β| < ϵ, ϵ ≪ 1 (4.2) Then the total entanglement entropy can have only a small change from Hawking’s leading order result [3] δS_{ent} S_{ent} < 2ϵ (4.3)

The proof of this result involved using strong-subadditivity of quantum entanglement entropy; a property that is somewhat nontrivial to prove. But something like this inequality was intuitively being assumed by the relativists who felt that Hawking’s argument could not be bypassed by small corrections. The important thing to note about (4.3) is that tis inequality involved the size of the correction ϵ, but not the dimension d = 2^N of the Hilbert space of states. While there are a large number of entropy inequalities for quantum entanglement entropy, most do involve d; here we had to find one that does not, since d is very large in our problem and any combination of ϵ and d cannot be assumed small.

4.3 AdS/CFT duality

A widespread belief in the string community was that the paradox has been bypassed in string theory because of the discovery of AdS/CFT duality [7]. It had been found that correlators in anti-de-sitter gravity backgrounds could be reproduced by correlators in a field theory without gravity. Since the latter is a manifestly unitary theory, it might seem that there cannot be any information loss in gravity either. But in that case, what is the error in the Hawking computation? It turned out that the agreement of correlators in the duality is typically checked for low energy processes, where black holes do not form. For high energies, the string theorists again wrote a black hole metric analogous to (2.3), and studied only its thermodynamic properties like entropy. The relativists can (and did) complain that this solves nothing: there has never been any problem with unitarity for processes where black holes do not form, and for the case where they do, the string theorists have shown no way to solve Hawking’s problem. Should we not just say that the AdS/CFT map fails when black holes form?

It turned out that the string theorists answer to this criticism was again based on the hope that small corrections to Hawking’s leading order computation would remove the paradox altogether. But the inequality (4.3) shows that this hope was false. The source of confusion can be traced to a result of Page [8]. Page’s observation is, in itself, completely correct. He notes that when a piece of paper burns away to photons, the information of the paper is certainly contained in the photons, but almost no information can be obtained unless one examines at least half the emitted photons. The confusion arose when this observation was used to argue as follows: ‘if the information in the paper can be ‘delicately encoded’ in the emitted photons, then cannot small corrections to Hawking’s computation ‘delicately encode’ the information of the hole?’ This argument is false, and the error be located once we try to make precise what ‘delicately encoded’ means. For the burning paper, the photon emitted at each step has a spin that depends on the spin of the atom emitting it; thus there is a 2-dimensional space of possibilities to consider at each step, with the choice of state determined by the data in atoms of the paper. In black hole evaporation the state at each emission step is close to the same state (3.2) at each step (independent of the data in the hole). Thus we are restricted to a 1-dimensional space at leading order, and small corrections cannot help much, as established by (4.3).

5 Fuzzballs

Let us summarize what we have seen so far. Suppose we wish to believe that the correct theory of quantum gravity has no information loss or remnants. Then there are two results which, taken together, stand in our way:

(i) The Hawking argument, which relies only on the existence of the black hole metric (2.3). The result (4.3) proves that the argument is unaffected by any kind of small correction to the leading order computation.

(ii) The ‘no hair theorem’, which summarizes the fact that many efforts to find deformations of the black hole solution (2.3) did not succeed.

As we will see below, it turns out that in string theory (ii) will fail: we do find hair for black holes in string theory. To understand the construction, let us recall some principal features of the theory. Strings are consistent only in 10 dimensions; thus to get lower dimensional physics we must compactify some directions. The fundamental quanta of the theory (and their interactions) are completely fixed; there are no free parameters in the theory. Nothing can be added or deleted from the theory without causing an inconsistency.

Thus to make a black hole we must use the objects already in the theory. Consider a compact circle of radius R. We can wrap a string n_w times around this circle; from the point of view of the noncompact directions this gives an object with mass and ‘winding charge’, and for large n_w we might hope to get a black hole . It turns out that the tension of the wrapped string causes the compact direction to ‘pinch’, and the horizon area becomes zero. The problem can be remedied by adding n_p units of momentum to the string; the energy of a momentum mode scales as 1/R, so the momentum pushes the circle radius towards larger values. Between the tension of the winding modes and the pressure of the momentum modes, the compact circle settles to a finite nonzero radius, and we can hope to make a black hole solution.

Now we observe an interesting fact: a string carrying momentum has a large entropy. The momentum on the string is carried by travelling waves on the string, and we can partition the total momentum among different harmonics in different ways. The entropy of this microscopic count of states turns out to be [9] S_{micro} = 4π √ n_wn_p (5.1)

On the other hand we can make a gravitational solution with ‘winding charge’ n_w and ‘momentum charge’ n_p and compute the entropy from its horizon area. In this case stringy corrections to the Einstein actions must be included, and the correct analog of (2.1) is the ‘Bekenstein-Wald’ entropy. One finds [10] S_{bek−wald} = 4π √ n_wn_p = S_{micro} (5.2)

This system is called the 2-charge hole. A similar computation can be carried out by adding more kinds of charges, and similar results are obtained; in particular the celebrated Strominger- Vafa computation for the 3-charge hole was the first case of a result like (5.2) with full agreement of numerical factors [11].

All this does not, however help us with the information problem: the black hole geometry used to compute S_{bek−wald} is just the traditional spherically symmetric solution with a horizon and central singularity, so the metric is not fundamentally different from (2.3). But let us look in more detail at the states we counted in S_{micro}. It is a basic fact of string theory that the string has no longitudinal waves; thus we need a transverse vibration profile to describe the momentum on the string. Let us open the multiwound string to its covering space, where it now has a length 2πn_wR. The simplest vibration profile is to let the string describe one turn of a uniform helix in this covering space. In our actual space, the string looks like a ‘slinky’ bent into the shape of a circle. The metric of this string profile can be computed; it is axially symmetric, with no horizon. We can use the S,T dualities of string theory to map the winding and momentum charges to D1 and D5 brane charges; in that case the metric turns out to have no singularities whatsoever [12].

Figure 4: (a) If the string winding and momentum excitations could sit at a point, then we would get the usual black hole; in the lower diagram the geometry is shown with flat space at infinity, then a ‘throat’, ending in a horizon with a singularity inside. (b) The string cannot carry the momentum without transverse vibrations, and thus spreads over a horizon sized transverse area. The geometry depicted in the lower diagram has no horizon; instead the throat ends in a ‘fuzzball’.

Should we be surprised that one particular state of the 2-charge system turned out to have no horizon at all? The metric of this solution can be found from known families of solutions for rotating black holes: when one increases the rotation to a critical point, the horizon disappears, and for more rotation one gets a naked singularity. The special solution noted above corresponds to the critical rotation, and gives the maximally rotating state of the 2-charge system [13, 14]. It seems that we have simply pushed the problem to the remaining solutions which have lower rotation; the axially symmetric ansatz would generate a horizon (after R^2 terms in the action are used) for these lower rotation solutions.

Since we know that all our solutions are generated by a vibrating string, let us look at the other profiles of vibration for the string, and see what metric they generate. It turns out that no vibration profile generates a horizon; what happens instead is that in general we lose axial symmetry [15]. If fact it is easy to consider vibration profiles for the string which have zero total angular momentum. The corresponding gravitational solutions are not spherically symmetric: it is impossible to make put a transverse wave on a string while maintaining spherical symmetry.

To summarize, the situation for the 2-charge extremal hole is as follows:

(i) If we take a spherically symmetric ansatz for the metric, we get a solution with horizon and a central singularity; the horizon area gives the entropy of the system [10].

(ii) The actual solutions corresponding to the entropy can all be constructed, and in general they have no spherical or axial symmetry, and none of the solutions have a horizon. In particular the solution in (i) does not correspond to any of the microstates of the [15].

(iii) The space of these gravitational ‘fuzzball’ solutions can be quantized and shown to yield the entropy of the system [16].

(iv) The size of the typical ‘fuzzball’ solution is such that its boundary area satisfies^A_G ∼ S_{micro} [17]. This completely solves the information problem for this simple 2-charge hole, which now has its internal information manifested in its detailed structure.

Why had we not found such non-spherically symmetric solutions before? It turns out that while people had looked for perturbative deformations around the spherically symmetric hole, the above mentioned solutions are nonperturbative constructions involving the compact directions. A compact circle can be nontrivially fibered over the noncompact directions to make a ‘Kaluza-Klein monopole’. The fuzzball solutions are generalizations of such fibrations; there is no net ‘monopole charge’, but the phase space of ‘monopole-antimonopole solutions’ is vast, and gives the microstates of the hole.

This fuzzball construction has been extended to cover large family of microstates of more complicated holes carrying 3 or 4 charges [18]. While most solutions constructed are extremal, some families of non-extremal solutions have been constructed as well. Remarkably, these nonextremal solutions possess unstable ‘ergoregions’ in their interior [19, 20], which leak radiation at a rate that is exactly the rate of Hawking radiation expected for those microstates [21]. The radiation is not ‘information-free’ – its spectrum is imprinted with the details of the radiating fuzzball. The microstate here is very simple, and so not a very generic one for the black hole; nevertheless what we have here is an explicit example of a black hole microstate radiating its information through its Hawking radiation.

6 Gravitational collapse

What we have seen is that energy eigenstates in string theory do not have a traditional horizon. But in classical general relativity we can take a shell of mass M, and follow its gravitatonal collapse. The shell appears to pass smoothly through the radius r = 2M, creating a horizon behind it. How can fuzzballs modify this process, which seems to be so very classical?

To answer this, imagine the process where the collapsing shell tunnels into one of the fuzzball states [23]. The amplitude for such a process will be tiny, given by Exp[−S_{cl}], where S_{cl} is the Einstein action^1_{16πG} ∫ R √ −gd^4x. To estimate the order of S_{cl}, we set all length scales to be ∼ GM. Then R ∼ (GM)^{−2}, and ∫ √ −gd^4x ∼ (GM)^4, so we get S_{cl} ∼ 1 G (GM)^{−2}(GM)^4 ∼ GM^2 ∼ ( M m_{pl} )_2 (6.1)

Thus the tunneling amplitude is indeed very small, as expected for any tunneling process between two macroscopic configurations. But there are Exp[S_{bek}] fuzzball states that we can tunnel to, so we must multiply the tunneling probability by the number of states N , where N = Exp[S_{bek}] = Exp[ A 4G ] = Exp[4πGM^2] ∼ Exp[ ( M m_{pl} )_2 ] (6.2)

We see that the smallness of the tunneling amplitude can be compensated by the largeness of N . The tunneling time was estimated in [24], and was found to be much shorter than the Hawking evaporation time. Thus we find that the wavefunction of the collapsing shell will change to a linear combination of fuzzball wavefunctions, and the radiation process will then process from the surface of these fuzzballs just like radiation from any normal warm body.

Interestingly, the quantum theory of black holes began with the observation that black holes have much more entropy than normal bodies. In simple approaches like canonically quantized gravity, we do not see the degrees of freedom corresponding to this entropy, and the traditional horizon leads to information loss/remnants. But in string theory we do see the different microstates as explicit horizon-sized wavefunctions. We then find that the wavefunction of any initial configuration (e.g. a collapsing shell) spreads quickly over this vast phase space, and classical evolution becomes invalidated. Put another way, any path integral amplitude has a classical action in the exponential, and a measure term which is typically smaller by a power of ℏ. For the black hole this measure factor (which gives the phase space volume) is so large that it competes with the classical action term, making the black hole interior a quantum object.

What is the special property of string theory that allowed us to have these macroscopic scale quantum effects? The key appears to a phenomenon called fractionation, which gave the first hint of a fuzzball structure for black hole microstates. Consider a string wrapped on a circle of radius R; we had used such a would string in our construction of 2-charge black holes. Momentum modes along this circle have energy given in units of^1_R . Now imagine that the string is multiwound, with winding umber n_w; thus it has a total length n_wR. The momentum excitations on the string now come in units of^1_{nwR} ; that is, in units that are^1_{nw} times the basic unit^1_R [25].

This may not appear very remarkable, since it is obvious that a longer string would have lower energy excitations. The interesting thing is that in string theory we have dualities that map the winding and momentum charge to other kinds of charges; for example we can map the winding and momentum to D5 brane charge and D1 brane charge respectively. Then we will find that a D1 brane by itself has a very high tension (planck scale, if dimensionless couplings are taken order unity), but if the D1 brane is bound to n_5 D5 branes then its effective tension drops by a factor^1_{n5} [26]. Since low tension branes can stretch far, we need to think carefully about the size of bound states containing a large number of strings and branes.

It had been traditionally believed that a bound state of string and branes would have a physical size of order planck length or string length. If this were the case, then for a large number of branes the horizon size would be larger than the physical size of the bound state, and we would have the traditional picture of a smooth horizon with a central singularity. But the phenomenon of fractionation alters the situation: as we increase the number of branes in the bound state we generate very low tension objects, and we should ask how far these objects can stretch. In [27] an estimate was made for the size of extremal bound state carrying D1, D5 and P charges. It was found that the size D of the bound state was of order D ∼ (g2α′3√n_1n_5n_p RV ) 1_3 ∼ R_s (6.3)

where g is the string coupling, 1/(2πα^′) is the string tension, n_1, n_5, n_p are the numbers of D1, D5, P charges, R is the length of the compact circle and V is the volume of the remaining four compact directions. The last step notes a remarkable fact: this estimated size D is order the Schwarzschild radius of the D1D5P black hole! The fact that D grows with the charges n_1, n_5, n_p can be traced back to the phenomenon of fractionation.

Since the agreement in (6.3) involves several different parameters, it appears to be more than a coincidence, and it motivated a search for concrete ‘fuzzball’ constructions of black hole microstates. These constructions were first carried out for the simpler 2-charge D1D5 system, and now there has been considerable progress of the 3-charge and 4-charge systems as well. Overall, it appears quite clear that energy eigenstates in string theory alway have a size of order their horizon radius, and no traditional horizon forms at all.

7 The infall problem

Let us now turn to another common confusion with black holes. The argument goes as follows: “We know by the equivalence principle that nothing happens at the horizon. Then how can it be that in string theory we obtain nontrivial structure at the location of the horizon?”

Such an argument is misguided, though as we shall see, there is a useful question contained in it that we should answer. To see the error, note the following: a body falling through the sky feels no force (and we can attribute this to the equivalence principle), but it lands with a sharp thud when it hits the earth’s surface! The issue is of course clear: the equivalence principle holds only in empty space; when we reach the physical radius of an object (in this case, the earth) then other forces come into play and the equivalence principle tells us nothing. For the black hole, if there is no structure at the horizon then we will fall smoothly through, but if the natural ‘size’ of the microstates is horizon scale then there will be structure at the location of this horizon and there cannot be a presumption that ‘we see nothing at the horizon’.

In string theory we have seen that there is structure at the horizon. We can still ask, however, if the traditional metric (2.3) has any relevance to any process involving black holes. It turns out that there are two ways that (2.3) is relevant:

(i) The Euclidean continuation of (2.3) gives the ‘cigar’ geometry (with no horizon) which is the saddle point of the path integral around black holes. This Euclidean saddle point can be used to compute the entropy of microstates, though each microstate in the Lorentzian section has no horizon and is not given by a metric like (2.3). Such saddle point computations have been extended to yield precision counting of microstates in recent work with extremal holes [28].

(ii) We can ask: Does a freely falling observer ‘see’ anything at the horizon? We will call this issue the ‘infall problem’. This infall problem is sometimes confused with the information paradox, but in fact the two problems are very different. As we have seen above, the information paradox can only be resolved if one finds structure at the horizon which will alter the evolution of Hawking pairs by order unity. Suppose that in a given theory of gravity we do find such structure. Then the question of what happens to an infalling observer is a secondary issue: he may feel that he falls freely through the horizon, or he may feel a sharp obstruction, but in either case the worry is not one of loss of unitarity.

Classical intuition suggests that there should be some approximation in which an infalling observer sees the traditional geometry (2.3). We will look for this approximation below, but let us note that this goal makes the information paradox and the infall problem, in a sense, opposite problems. In solving the information paradox we seek to find ways in which different microstates behave differently, while obtaining traditional infall requires an approximation in which all generic microstates behave the same.

In the rest of this section we discuss the infall problem and the approximation in which we obtain the traditional geometry (2.3).^2

A key point in this discussion will be the energy scales involved in the physics. Hawking radiation is composed of low energy quanta with E ∼ kT , and we have seen that the evolution of such quanta is modified by order unity in a manner that depends on the details of the fuzzball structure at the horizon scale. But when we talk of observations made by an infalling observer we assume that he is looking at processes with E ≫ kT , since for energies E ≲ kT the thermal bath of Hawking quanta would disrupt the validity of ‘vacuum physics’ anyway. What we will argue now is that operators with E ≫ kT excite collective oscillations on fuzzballs that are insensitive to the exact choice of fuzzball microstate, and that the correlators of these collective excitations agree with correlators computed in the traditional geometry (2.3).

Figure 5: (a) Rindler space (b) The Penrose diagram of the extended Schwarzschild hole. The region near the intersection of horizons is similar in the two cases.

To do this we will use ideas of Israel [30], Maldacena [31], Van Raamsdonk [32] and others and apply them in the context of fuzzballs [33]. We start with a simple observation about the behavior of correlators in Rindler space. As we can see from fig.5, the central region of the extended Schwarzschild diagram is just like Minowski space, broken into the four ‘Rindler’ quadrants. Thus we start by looking at Minkowski space, and consider a scalar field on this space. The Minkowski vacuum state |0⟩_M can be written as a sum of contributions from states

2For other related approaches to this problem, see [29].

in the left and right Rindler wedges |0⟩_M = C ∑ i e^{− Ei2} |E_i⟩_L|E_i⟩_R, C = ( ∑ i e^{−Ei} )_− 1_2 (7.1)

We now make a few observations. First, if we had an interacting scalar field, the states |E_i⟩_L, |E_i⟩_R would be eigenstates of the interacting Hamiltonian. Second, an expansion like (7.1) is expected for any field, and one field that is always present is nature is the graviton field h_{ij} . What is the analogue of (7.1) for gravitational fluctuations h_{ij} ? Note that the strength of gravitational interactions increases with energy. The states E_i have large local energy density in the region close to the Rindler horizons, due to the large redshift near the horizons in the Rindler metric. Thus the states |E_i⟩_R for the gravitational field are expected to be states with the following characteristics: (i) they should ‘live’ in only the right Rindler quadrant (ii) they will have high local energy density near the Rindler horizons (iii) they will involve very nonlinear gravitational interactions near the horizons.

But these are just the characteristics of the fuzzball solutions that have been found! The fuzzballs end just outside the the place where the horizon would have occurred (fig.6). Their structure at this location is over very short length scales and very nonperturbative: we have a complicated version of a KK monople-antimonopole gas. Thus it is natural to conjecture that the fuzzballs are just the solutions |E_i⟩_R appearing in the decomposition of the Minkowski vacuum for the gravitational field. We depict the relation (7.1) for the graviton field pictorially in fig.7.

Figure 6: Fuzzball structure for Rindler space (a) and the black hole (b). While the extended Schwarzscild metric has four regions separated by horizons, the fuzzball solutions of string theory occupy only the right (R) quadrant, and end in a quantum fuzz near the place where the horizon would have been (figure (b)). Carrying this notion over to Rindler space, we should think of the individual states of the R quadrant as ending in a quantum gravitational fuzz near the horizon (figure (a)).

Returning to (7.1), consider the expectation value in the Minkowski vacuum of an operator Ô_R with support in the right wedge M ⟨0|Ô_R|0⟩_M = C^2 ∑ i,j e^{− Ei2} e^{− Ej2}_L⟨E_i|E_j ⟩_{LR}⟨E_i|Ô_R|E_j ⟩_R = C^2 ∑ i e^{−Ei}_R⟨E_i|Ô_R|E_i⟩_R (7.2)

Figure 7: Black hole microstates are fuzzballs that ‘end’ without forming a horizon. Summing over pairs of microstates (with appropriate weights) should give the geometry of the extended Schwarzschild hole.

Thus the expectation value in the Minkowski vacuum is given by a thermal average over the Rindler states.

Now consider the black hole. We had noted that the central part of the eternal Schwarzschild diagram (fig.5(b)) was just like Minkowski space (fig.5(a)). But when we make a black hole by collapse of a massive star, we do not get the eternal hole; the traditional expectation is that we get a Penrose diagram like that in fig.2. We have argued that this latter diagram is misleading – what we get instead is a fuzzball, which ends just outside the horizon region of the diagram. But we will get just one fuzzball if we start with a star in a given pure state |ψ⟩, not an ensemble of fuzzball states. Thus in the language used above, we get one of the states of the right Rindler wedge |E_k⟩_R, not an ensemble of all Rindler states.

If we compute the expectation value of Ô_R in this state we will get the analog of_R⟨E_k|Ô_R|E_k⟩_R. This is not the same as the quantity_M ⟨0|Ô_R|0⟩_M that we computed in (7.2); the latter is an ensemble average over right Rindler wedge states. But now we come to a basic fact of statistical mechanics: for a generic state |E_k⟩_R and appropriate operators Ô_R we should be able to replace expectation values in the state E_k by an ensemble average R⟨E_k|Ô_R|E_k⟩_R ≈ 1 ∑ l e^{−El} ∑ i e^{−Ei}_R⟨E_i|Ô_R|E_i⟩_R =_M ⟨0|Ô_R|0⟩_M (7.3)

For example if we stick a thermometer in a beaker of water, then the rise of mercury can be computed using the actual state |ψ_k⟩ of the water, or by using the ensemble average over such states; the result is expected to be the same to leading order. Here the state of water is assumed to be a generic state, and the operator measuring temperature is of the ‘appropriate’ type mentioned above. If on the other hand we had tried to measure the Brownian motion of one water molecule in the beaker, the result would depend very sensitively on which |ψ_k⟩ we took, and we would not have the approximate equality (7.3).

In the black hole, it appears reasonable to assume that operators measured by infalling observers are of the ‘appropriate’ type; i.e., they obey the approximation (7.3). This is because observers falling in from infinity impact the fuzzball hard (due to their large blueshift), and such high impact collisions ‘jump’ the fuzzball state |ψ_k⟩ into a whole band of neighbouring states. The physics then becomes similar to that involved in the ‘fermi golden rule’: if an excitation is coupled to a large band of states then its absorption rate is insensitive to the precise state that the absorber started with; only the density of states and the average coupling are relevant.

To summarize, correlation functions of appropriate operators in one Rindler state can be well approximated by an ensemble over all Rindler states (eq.(7.3)). The relation (7.1) tells us that the latter correlator will be the correlator computed in the Minkowski vacuum. Similarly, correlators appropriate for infalling observers, measured in one fuzzball state can be approximated by the ensemble average over all fuzzballs. The similarity between Minkowski space and the central region of the extended Schwarzschild diagram (fig.5)) then tells us that such such an ensemble average will be given by correlators computed in the extended Schwarzschild black hole. Since the extended Schwarzschild hole has no structure at the horizon, we have recovered a semblance of ‘classical physics’ in the description of correlators of infalling observers. Note however that the low energy Hawking radiation quanta are like the atoms undergoing Brownian motion in our example of the beaker of water; their dynamics is very sensitive to the choice of fuzzball microstate |ψ_k⟩. Thus we can have information emerge in Hawking radiation quanta (which have E ∼ kT ) while we still have a role for a smooth horizon geometry for the high energy (E ≫ kT ) operators appropriate to infalling observers.

Let us now make contact with the literature quoted above. The idea of using the two sides of the extended Schwarzschild diagram as the two copies of a system in real time thermal field theory goes back to Israel [30]. Using this notion, Maldacena [31] noted that two copies of a CFT, in an entangled state, should be the dual of the eternal Schwarzschld hole. Van Raamsdonk [32] used these results to suggested a general idea that if we suitably entangle two copies of a gravitational system, then we get a spacetime geometry that links the two systems. What we have done here is put these notions in the context of fuzzballs, and thus arrived at a picture where we can recover information in low energy Hawking radiation from the fuzzball structure while still having short time (crossing timescale) high energy (E ≫ kT ) physics being reproduced by the traditional eternal black hole diagram with horizons.

8 Implications for Cosmology: a conjecture

Let us summarize what we have learnt. The relativists who believed in information loss were correct about at least one thing: if there is no structure at the horizon, then we cannot get information out in Hawking radiation. This fact was however not universally accepted; many people believed that small corrections to Hawking’s calculation would alter his conclusion. The inequality (4.3) proves this latter belief incorrect, and prevents one from claiming that the idea of AdS/CFT duality can by itself remove the paradox.

One can then wonder if we have to accept information loss/remnants, since the ‘no hair theorem’ appears to forbid any structure at the horizon. But the ‘no hair theorem’ was not really a ‘theorem’; it was just a statement that in traditional gravity theories one did not find ‘hair’. In string theory it turns out that there is indeed hair, arising from nonperturbative fibrations of the compact directions over the noncompact ones. The large phase space of these solutions invalidates classical dynamics on macroscopic scales, and the phase space measure of these ‘fuzzball’ states causes a diffusion of the wavefunction away from its classical trajectory even for macroscopic collapsing shells.

Are there any consequences of this fact for other problems in physics? In the early Universe matter is crushed to high densities, much like in the classical black hole. Let us conjecture what might happen here using our experience from fuzzball physics.

(A) If we take a gas of particles in a given volume V , the entropy scales with energy as S ∼ E^{dd+1} where d is the number of space dimensions. Thus we have S ∼ E^α with α < 1. But black holes have S ∼ E^α with α > 1; for example in d = 3 we have S ∼ E^2. How does string theory reproduce such an entropy? Instead of using the energy E to create a set of particles, we use E to create a set of extended objects: strings, branes etc. For the black hole in d = 3 space dimensions, we have four types of branes that can be wrapped on the six compact directions. Let there be n_i branes of each type; thus n_i ∼ E. The entropy of the configuration is given by S ∼ N^{12}_{int}, where N_{int} is the number of intersection points of the different branes. We find N ∼ n_1n_2n_3n_4, which gives S ∼ N^{12}_{int} ∼ (n_1n_2n_3n_4)^{12} ∼ E^2 (8.1)

reproducing the expectation for the 3+1 dimensional hole. Remarkably, this picture reproduces the entropy with the correct numerical coefficient for all the black holes constructed so far in string theory [11, 34]. For neutral holes (which have no net brane charge) we must still think in this fashion; we take branes and antibranes, vary the n_i, n̄_i till S is maximized, and this maximal S reproduces the Bekenstein entropy.

These computations suggest that at the high densities we must take the energy of the Universe and place it in a set of intersecting branes and antibranes: since this gives much more entropy than the traditional big-bang relativistic particle gas, we have vastly more states of this type than normal particle states. This idea was explored in [35] where the intersecting brane configurations were termed the ‘fractional brane gas’. (Note that the ‘fractional brane gas’ is completely different from the traditional ‘brane gas’ [36] where we have essentially free (i.e. non-intersecting) branes with S ∼ E.)

To summarize, let the Universe be a torus of volume V . We take the energy E in the Universe and use it to make states of the kind that give the entropy of black holes. At small enough V (where the energy density is high), it appears reasonable that the ‘fractional brane gas’ states are the dominant type of state.

(B) In [35] it was assumed that once we have a fractional brane gas made of intersecting branes, the entropy is given by the expression S ∼ N^{12}_{int} which worked for black holes. But here we deviate from this assumption for the following reason. The above expression gave the entropy of black holes in empty space, where the states could expand to occupy a volume that optimized their entropy. As we know, the black hole states swell to a size where their surface area satisfies the Bekenstein type relation^A_G ∼ S. The reason for this ‘swelling up can be seen explicitly for the simplest hole in string theory – the 2-charge extremal hole discussed above, with states generated by a string carrying transverse vibrations. If we allow a very small transverse volume for these vibrations, there are very few states since we do not have enough phase space to carry too many orthogonal states. If we look at generic states (which account for the bulk of the entropy) then we find that they occupy a region whose surface area satisfies A G ∼ S. There is no significant gain in entropy if we allow ourselves a larger region than this, but what is interesting is what happens if we restrict ourselves to states which occupy a smaller region. In this case the entropy S^′ of the allowed states still satisfies a Bekenstein type relation S^′ ∼^{A′}_G , where A^′ is now the surface area of the smaller region that we have allowed [37].

In the case of the Universe, we do not have ‘empty space’ to expand into; all the volume of the Universe is occupied more or less uniformly, and we have used this homogeneity to model our Universe as a torus of volume V . Suppose the Universe has energy E, which gives for the number of branes n_i ∼ E. While the total possible entropy with these numbers is S ∼ ( ∏ i n_i ) 1_2 , all of the states corresponding to this S may not be realizable in the given

volume if V is too small. Thus we can imagine that a small subset of states {ψ^{(0)}_i } is allowed at volume V^{(0)}, a larger subset {ψ^{(1)}_i } is allowed at a larger volume V^{(1)}, and so on. What is the consequence of this structure?

(C) To guess what can happen, let us recall the evolution of a shell which was collapsing to make a black hole. In traditional gravity theories, this would generate a horizon which traps the shell, and we would get information loss/remnants. But in string theory the energy eigenstates are horizonless fuzzballs, and the wavefunction of the shell spreads over the large phase space of these fuzzballs. Here it is important that the entropy of fuzzballs be large enough that the ‘tunneling into fuzzballs’ competes with the classically expected evolution [23, 24].

Let us put this picture of evolution with the picture we had for states in Cosmology in (B) above. We will make a toy model to illustrate the essential point of interest. In fig.8 we picture the states {ψ^{(k)}_i } for different volumes V^{(k)} of our toroidal Universe; we have taken the values V^{(k)} to be a discrete set for convenience. At the smallest volume V^{(0)} we have taken just one state ψ^{(0)}. At the next larger volume we have a band of states ψ^{(1)}_i , with energy gap ΔE. We allow a small amplitude ϵ per unit time for transition from ψ^{(0)} to any of the ψ^{(1)}_i . Thus if the initial state of the Universe is the torus at volume V^{(0)} with state ψ^{(0)}, then after some time t this state can evolve to a linear combination of states ψ^{(1)}_i at volume V^{(1)}. The rate of this evolution depends on the transition amplitude ϵ, and the level density ρ =^1_{ΔE} . As in the black hole, we expect that ϵ is small (since we are dealing with a macroscopic system) and ρ is large (since the density of ‘fractional brane gas’ states is very high). The product of these two quantities became significant in the black hole case and drove the essential new physics, and we are looking for a similar effect here.

If we just had the states ψ^{(0)} and ψ^{(1)}_i then we could compute the evolution using the ‘fermi golden rule’ for evolution from one level to a band of levels. But in our Cosmological problem we can evolve to yet larger volumes, and in our toy model we describe this by allowing each state ψ^{(1)}_i to have an amplitude ϵ per unit time to transition into each of a band of states allowed for the yet larger volume V^{(2)}. This structure repeats, so that we can evolve to larger and larger volumes V^{(k)}. (We keep the same ϵ and same level spacing ΔE at each stage for simplicity.) The question in the toy model now is: if we start with ψ^{(0)} (i.e. with volume V^{(0)}) at t = 0, what will be the evolution of the wavefunction? More precisely, if at time t we compute the contribution to |ψ|^2 from the states at a given volume V^{(k)}, then at what value of k will this probability peak?

The problem is a simple quantum mechanical one, and the answer turns out to be k_{peak}(t) ≈ 2πϵ^2 Δ t (8.2)

for large t. In other words, the volume of the Universe is pushed towards larger values V^{(k)}. This push is caused by the larger phase space available at larger k, and is the Cosmological analog of the evolution of a collapsing shell into the large space of fuzzballs. Thus any other factors

Figure 8: The energy levels at different values of the Universe volume V^{(k)}. The states at any one level have a small amplitude ϵ per unit time to transition to the states in the neighboring volume. If the initial state is the one corresponding to V^{(0)}, then there is a diffusion towards larger V at a rate that depends on ϵ and the level density ρ.

causing expansion of the Universe are not included here; (8.2) only describes the expansion generated by consideration of phase space volume. For this effect to be significant it is essential that we be in the ‘fractional brane gas’ phase where the level densities are high – order black hole level densities – so that the smallness of the transition amplitude ϵ can be cancelled by the largeness of ρ ∼^1_{ΔE} . Such a cancellation was the essential mechanism in black hole evolution, and it appears plausible that it will play a role in Cosmology as well.

To summarize, we may get new ‘inflationary pushes’ in early Universe physics which are not normally accounted for in ordinary treatments of inflation. Such a push to larger volumes may be relevant also to the accelerated expansion that we observe today. The mass within the Cosmological horizon R_H is of the correct order to make a black hole with radius equal to R_H . Thus it is possible that we should think in terms of black hole states when considering the dynamics of matter on these large scales, and this may again bring us to the large level density ρ and its tendency to push us to larger volumes.

9 Conclusion

The information paradox has forced us to think a lot about quantum gravity (see [38] for some recent reviews). String theory tells us that microstates of black holes are fuzzballs. The study of extremal holes in gravity has suggested that some kind of structure at the horizon may be essential for consistency [39]. How the paradox is resolved may also distinguish between different theories of quantum gravity; for example in string theory we seem to get information out in Hawking radiation, while in loop quantum gravity we get slow leakage of information from long lived remnants [40]. Extracting the required physics from black holes may be an essential step to understanding singularities in gravity, particularly the big bang.

Acknowledgements

I wish to thank all my collaborators who have, over the years, helped put together the ideas discussed here. I would also like to thank all the members of the black hole community for valuable comments and discussions. This work was supported in part by DOE grant DE-FG02- 91ER-40690.

References

[1] S. W. Hawking, Commun. Math. Phys. 43, 199 (1975) [Erratum-ibid. 46, 206 (1976)];

S. W. Hawking, Phys. Rev. D 14, 2460 (1976).

[2] S. W. Hawking, Phys. Rev. D 72, 084013 (2005) [arXiv:hep-th/0507171].

[3] S. D. Mathur, Class. Quant. Grav. 26, 224001 (2009) [arXiv:0909.1038 [hep-th]].

[4] J. D. Bekenstein, Phys. Rev. D 7, 2333 (1973).

[5] W. Israel, Phys. Rev. 164, 1776 (1967) B. Carter, Phys. Rev. Lett. 26, 331 (1971);

R. H. Price, Phys. Rev. D 5, 2439 (1972); D. C. Robinson, Phys. Rev. Lett. 34, 905 (1975).

[6] S. B. Giddings and W. M. Nelson, Phys. Rev. D 46, 2486 (1992) [arXiv:hep-th/9204072].

[7] J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998) [Int. J. Theor. Phys. 38, 1113 (1999)] [arXiv:hep-th/9711200]; E. Witten, Adv. Theor. Math. Phys. 2, 253 (1998) [hep-th/9802150]; S. S. Gubser, I. R. Klebanov and A. M. Polyakov, Phys. Lett. B 428, 105 (1998) [hep-th/9802109].

[8] D. N. Page, Phys. Rev. Lett. 71, 1291 (1993) [arXiv:gr-qc/9305007].

[9] L. Susskind, arXiv:hep-th/9309145; J. G. Russo and L. Susskind, Nucl. Phys.

B 437, 611 (1995) [arXiv:hep-th/9405117]. A. Sen, Nucl. Phys. B 440, 421 (1995) [arXiv:hep-th/9411187]; A. Sen, Mod. Phys. Lett. A 10, 2081 (1995) [arXiv:hep-th/9504147]; G. T. Horowitz and J. Polchinski, Phys. Rev. D 55, 6189 (1997) [arXiv:hep-th/9612146].

[10] A. Dabholkar, arXiv:hep-th/0409148;

[11] A. Strominger and C. Vafa, Phys. Lett. B 379, 99 (1996) [arXiv:hep-th/9601029].

[12] O. Lunin and S. D. Mathur, Nucl. Phys. B 610, 49 (2001) [arXiv:hep-th/0105136].

[13] V. Balasubramanian, J. de Boer, E. Keski-Vakkuri and S. F. Ross, Phys. Rev. D 64, 064011 (2001), hep-th/0011217.

[14] J. M. Maldacena and L. Maoz, JHEP 0212, 055 (2002) [arXiv:hep-th/0012025].

[15] O. Lunin and S. D. Mathur, Nucl. Phys. B 623, 342 (2002) [arXiv:hep-th/0109154];

O. Lunin, J. Maldacena and L. Maoz, arXiv:hep-th/0212210; I. Kanitscheider, K. Skenderis and M. Taylor, arXiv:0704.0690 [hep-th].

[16] V. S. Rychkov, JHEP 0601, 063 (2006) [arXiv:hep-th/0512053].

[17] O. Lunin and S. D. Mathur, Phys. Rev. Lett. 88, 211303 (2002) [arXiv:hep-th/0202072].

[18] S. D. Mathur, A. Saxena and Y. K. Srivastava, Nucl. Phys. B 680, 415 (2004) [arXiv:hep-th/0311092];

O. Lunin, JHEP 0404, 054 (2004) [arXiv:hep-th/0404006];

S. Giusto, S. D. Mathur and A. Saxena, Nucl. Phys. B 701, 357 (2004) [arXiv:hep-th/0405017];

S. Giusto, S. D. Mathur and A. Saxena, Nucl. Phys. B 710, 425 (2005) [arXiv:hep-th/0406103];

I. Bena and N. P. Warner, Adv. Theor. Math. Phys. 9, 667 (2005) [arXiv:hep-th/0408106]; I. Bena and N. P. Warner, Phys. Rev. D 74, 066001 (2006) [arXiv:hep-th/0505166]; P. Berglund, E. G. Gimon and T. S. Levi, JHEP 0606, 007 (2006) [arXiv:hep-th/0505167]; A. Saxena, G. Potvin, S. Giusto and A. W. Peet, JHEP 0604, 010 (2006) [arXiv:hep-th/0509214];

I. Bena, C. W. Wang and N. P. Warner, Phys. Rev. D 75, 124026 (2007) [arXiv:hep-th/0604110];

V. Balasubramanian, E. G. Gimon and T. S. Levi, JHEP 0801, 056 (2008) [arXiv:hep-th/0606118];

I. Bena, C. W. Wang and N. P. Warner, JHEP 0611, 042 (2006) [arXiv:hep-th/0608217]; J. Ford, S. Giusto and A. Saxena, Nucl. Phys. B 790, 258 (2008) [arXiv:hep-th/0612227]; I. Bena and N. P. Warner, Lect. Notes Phys. 755, 1 (2008) [arXiv:hep-th/0701216]; I. Bena, N. Bobev and N. P. Warner, JHEP 0708, 004 (2007) [arXiv:0705.3641 [hep-th]]; E. G. Gimon and T. S. Levi, JHEP 0804, 098 (2008) [arXiv:0706.3394 [hep-th]]; I. Bena, C. W. Wang and N. P. Warner, JHEP 0807, 019 (2008) [arXiv:0706.3786 [hepth]];

S. Giusto, S. F. Ross and A. Saxena, JHEP 0712, 065 (2007) [arXiv:0708.3845 [hep-th]]; I. Bena, J. de Boer, M. Shigemori and N. P. Warner, arXiv:1107.2650 [hep-th]; J. de Boer, S. El-Showk, I. Messamah and D. Van den Bleeken, JHEP 0905, 002 (2009) [arXiv:0807.4556 [hep-th]].

[19] V. Jejjala, O. Madden, S. F. Ross and G. Titchener, Phys. Rev. D 71, 124030 (2005) [arXiv:hep-th/0504181].

[20] V. Cardoso, O. J. C. Dias, J. L. Hovdebo and R. C. Myers, Phys. Rev. D 73, 064031 (2006) [arXiv:hep-th/0512277].

[21] B. D. Chowdhury and S. D. Mathur, Class. Quant. Grav. 25, 135005 (2008) [arXiv:0711.4817 [hep-th]]; B. D. Chowdhury and S. D. Mathur, Class. Quant. Grav. 25, 225021 (2008) [arXiv:0806.2309 [hep-th]]; B. D. Chowdhury and S. D. Mathur, Class. Quant. Grav. 26, 035006 (2009) [arXiv:0810.2951 [hep-th]].

[22] S. D. Mathur, Nucl. Phys. B 529, 295 (1998) [arXiv:hep-th/9706151].

[23] S. D. Mathur, arXiv:0805.3716 [hep-th].

[24] S. D. Mathur, Int. J. Mod. Phys. D 18, 2215 (2009) [arXiv:0905.4483 [hep-th]].

[25] S. R. Das and S. D. Mathur, Phys. Lett. B 375, 103 (1996) [arXiv:hep-th/9601152].

[26] J. M. Maldacena and L. Susskind, Nucl. Phys. B 475, 679 (1996) [arXiv:hep-th/9604042].

[27] S. D. Mathur, Nucl. Phys. B 529, 295 (1998) [arXiv:hep-th/9706151].

[28] N. Banerjee, S. Banerjee, R. K. Gupta, I. Mandal and A. Sen, JHEP 1002, 091 (2010) [arXiv:0905.2686 [hep-th]]; A. Dabholkar, J. Gomes, S. Murthy and A. Sen, JHEP 1104, 034 (2011) [arXiv:1009.3226 [hep-th]].

[29] V. Balasubramanian, J. de Boer, S. El-Showk and I. Messamah, Class. Quant. Grav.

25, 214004 (2008) [arXiv:0811.0263 [hep-th]]; V. Balasubramanian, B. Czech, Y. H. He, K. Larjo and J. Simon, JHEP 0803, 008 (2008) [arXiv:0712.2434 [hep-th]]; V. Balasubramanian, B. Czech, V. E. Hubeny, K. Larjo, M. Rangamani and J. Simon, Gen. Rel. Grav. 40, 1863 (2008) [arXiv:hep-th/0701122]; V. Balasubramanian, J. de Boer, V. Jejjala and J. Simon, JHEP 0512, 006 (2005) [arXiv:hep-th/0508023].

[30] W. Israel, Phys. Lett. A 57, 107 (1976).

[31] J. M. Maldacena, JHEP 0304, 021 (2003) [arXiv:hep-th/0106112].

[32] M. Van Raamsdonk, arXiv:0907.2939 [hep-th]; M. Van Raamsdonk, Gen. Rel. Grav. 42, 2323 (2010) [arXiv:1005.3035 [hep-th]].

[33] S. D. Mathur and C. J. Plumberg, JHEP 1109, 093 (2011) [arXiv:1101.4899 [hep-th]];

S. D. Mathur, Class. Quant. Grav. 28, 125010 (2011) [arXiv:1012.2101 [hep-th]].

[34] C. G. Callan and J. M. Maldacena, Nucl. Phys. B 472, 591 (1996) [hep-th/9602043];

G. T. Horowitz, J. M. Maldacena and A. Strominger, Phys. Lett. B 383, 151 (1996) [arXiv:hep-th/9603109]; G. T. Horowitz, D. A. Lowe and J. M. Maldacena, Phys. Rev. Lett. 77, 430 (1996) [arXiv:hep-th/9603195]; C. V. Johnson, R. R. Khuri and R. C. Myers, Phys. Lett. B 378, 78 (1996) [arXiv:hep-th/9603061]; R. Emparan and G. T. Horowitz, Phys. Rev. Lett. 97, 141601 (2006) [arXiv:hep-th/0607023].

[35] B. D. Chowdhury and S. D. Mathur, Class. Quant. Grav. 24, 2689 (2007) [arXiv:hep-th/0611330]; S. D. Mathur, J. Phys. Conf. Ser. 140, 012009 (2008) [arXiv:0803.3727 [hep-th]].

[36] R. H. Brandenberger and C. Vafa, Nucl. Phys. B 316, 391 (1989); S. Alexander, R. H. Brandenberger and D. Easson, Phys. Rev. D 62, 103509 (2000) [arXiv:hep-th/0005212]; R. Easther, B. R. Greene, M. G. Jackson and D. Kabat, Phys. Rev. D 67, 123501 (2003) [arXiv:hep-th/0211124].

[37] S. D. Mathur, arXiv:0706.3884 [hep-th].

[38] S. D. Mathur, arXiv:1108.0302 [hep-th]; S. B. Giddings, arXiv:1201.1037 [hep-th]. [39] D. Marolf, Gen. Rel. Grav. 42, 2337 (2010) [arXiv:1005.2999 [gr-qc]]. [40] L. Smolin, arXiv:1108.0910 [gr-qc].