arXiv:1212.0528v2 [hep-th] 23 Dec 2012

Extra dimensions, black holes and fireballs at the LHC

Anastasios Taliotis Theoretische Natuurkunde, Vrije Universiteit Brussel and The International Solvay Institutes Pleinlaan 2, B-1050 Brussels, Belgium (Dated: December 22, 2012)

The collision of two gravitationally interacting, ultra-relativistic, extended sources is being examined. This investigation classifies the transverse distributions that are collided for fixed collision energy, according to whether one or two (a small and a large) apparent horizons may or may not be formed in a flat background in 4 dimensions. The study extends to the thermodynamical properties of the objects that are created, which exhibit a universal behavior in their entropy, and, suggests the elimination of the possibility in observing black holes (BHs) at the LHC in the absence of extra dimensions. On the other hand, including extra dimensions, and assuming that the matter is localized (dense) enough in those directions, opens new avenues in creating BHs at energies of the order of TeV. The investigation is carried further to AdS5 backgrounds and makes connections with the implications for the quark-gluon plasma (QGP) formation in heavy ion collisions. In particular, classes of the geometries found suggest that a BH is formed if and only if the (central collision) energy is sufficiently large compared to the transverse scale of the corresponding gauge theory side stress-tensor. This implies that when the scattering in the gravity description is mapped onto a heavy ion collision problem yields a result, which is in accordance with the current intuition and data: QGP is formed only at high enough energies compared to ΛQCD , even for central processes. Incorporating weak coupling physics and in particular the Color Glass Condensate (CGC) model, a satisfactory fitting with the RHIC and the LHC data for multiplicities may be established.

I. INTRODUCTION

Gravitational ultra-relativistic collisions of two shockwaves generated by point-like sources on the transverse plane have been discussed in several contexts, [1–18]. Earliest studies [14] have shown that such collisions typically create a single black hole (BH) given sufficiently large energy compared to the impact parameter involved. In particular, for central collisions, these and some follow up works [14, 19–23], have shown that a BH is formed for any (small) collision energy. Works [10, 24] generalized the analysis to extended distributions and found the conditions under which a single BH may be formed.

In this work further steps are taken in that direction. We classify the energy-momentum (transverse) distributions that are collided according to (i) always a trapped horizon^1 is formed independently on the amount of the collision energy (as in [14]), (ii) one trapped horizon is formed for sufficiently large energy (as in [10]) (iii) two (and sometimes more) trapped horizons, one small and one large, are formed for sufficiently large energy. The classification is done in the two cases of flat backgrounds and AdS_5 backgrounds where the creation of mini BHs (see also [25]) in the accelerators and the implications in heavy ion collisions are discussed respectively. We restrict the classification to transversally symmetric geometries^2 in the spirit of trapped surfaces. Our analysis

∗ Email: atalioti@vub.ac.be 1 Unless otherwise specified, we will use the terminology trapped horizon, trapped surface and BH interchangeably.

2 The transverse symmetry will be defined rigorously for each background. Other than this symmetry and three mild and physical assumptions, the classification is completely generic.

assumes a zero impact parameter limit as this case suffices in order to illustrate our claims.

BHs from shock-wave collisions is not a new concept. What is new here is:

1. Category (iii) of trapped surfaces formed under a dynamical process has not been studied so far in the literature and is one of the main results of our work. In fact, evidence of creation of small (in addition to large) BHs in flat backgrounds has not been reported up to today. The underlying set-ups consist of examples of the (known) non-uniqueness of the solutions regarding the trapped surface equations (see [14]).

2. The small BHs seem to have a curious property: their size (and hence their entropy) decreases as the energy increases and this behavior is exactly opposite to that of the large BHs. If this was an equilibrium state^3 it would imply a negative temperature (T). There are a number of interesting scenarios to be discussed. An attractive explanation is that the resulting trapped surface, having two (apparent) horizons, will evolve into a Reissner-Nordstrom-like (RN) of BH whose inner and outer horizon share a similar behavior, as the energy varies, with the corresponding small and large apparent horizons that we find in our analysis. In fact, there exists a critical energy such that the two surfaces have the same size, which by analogy to the RN BH, it could be the extremal limit. Lowering the energy further, in our case we find that no trapped horizons may be formed. In the RN case, it yields a naked singularity, which violates

3 In fact it is not; this is the beginning of a very violent process.

the “cosmic censorship” conjecture. The role of the corresponding scale of the electric field in the RN solution, is (possibly) played by the transverse width of the colliding distributions (see also [26, 27]). In particular, working in an AdS_5 background, such a configuration could model [19–23, 28–30] heavy ion collisions. As the inner horizon has a different thermodynamical behavior than the outer region, an RN-like scenario could possibly describe a hotter fireball in the center of the produced plasma, which absorbs heat from the surrounding shell, and a thermodynamically unstable periphery [31–34] that undergoes a hadronic phase transition.

3. In the high energy (E) limit, the entropy (S) of the (large) BHs for all the three classes of the colliding distributions and for both, flat and AdS backgrounds, exhibits a universal behavior. The entropy as a function of the c.m. energy s = 4E^2 and the transverse scale k of the distribution behaves as S ∼ k^2s and S ∼ (s/k^2)^{1/3} for flat and AdS_5 backgrounds respectively independently on the details of the profiles of the (bulk) distributions that are collided. In general, k can be s dependent (e.g. see (20)). In fact, this universal behavior is independent on the impact parameter and any extra dimensions (if these ingredients are introduced) as long as the energy is sufficiently large. Applying the AdS/CFT results of this work in heavy ion collisions and incorporating weak coupling physics, a satisfactory fitting with the total multiplicities data may be achieved. This can be seen in fig. 8.

4. Under the assumption that extra dimensions do not exist, this work motivates that the LHC is a “black hole safe” machine. The parameter that controls the BH formation is the dimensionless combination Ek/M^2_p ≥ w where E is the collision energy, k the is transverse scale associated with the colliding distribution ρ and can be taken of the order of Λ_{QCD}, M_p is the Planck mass and w is a dimensionless number that is predicted from the trapped surface equations and naturally depends on ρ. Usually w is of the order of 1 or less. In particular, for the boosted Woods-Saxon profile for nuclear distributions, which is a suitable phenomenological model for collisions at LHC, w ≈ 0.4. This implies that the collision energy that is required to create BHs at the LHC is way beyond the machine’s possibilities. Including extra dimensions on the other hand, could change things dramatically. Towards the end of the conclusions, it is argued that BHs could be created even at TeV scales provided that the distributions that are collided are sufficiently dense in the compact directions. In other words, the underlying assumption is that the matter is confined almost completely on the 3-brane.

5. Classes (ii) and (iii) for AdS backgrounds, advocate the idea that not any distribution of matter at low energy when collided, yields a BH. Mapping this idea, through the AdS/CFT [35] dictionary [36–38], to heavy ion collisions as in [19–23, 39–44] implies that QGP [45] is formed provided that the E of the colliding (dual picture) glue-balls is sufficient. In particular, according to our calculations, E must be much larger than the transverse scale of the corresponding gauge-theory stress tensor (that can be taken of the order of Λ_{QCD}), even for a zero impact parameter collision. This is a totally new result and extends the results of the existing literature, which state that QGP, under a holographic investigation, is always formed for any small collision energy as long as the collision is (perfectly) central . In particular, as we show for AdS backgrounds, the parameter controlling the BH formation appears in the combination E/k ≥ w (contrast with point 4. above for flat backgrounds) where w depends on the particular (bulk, 5-dimensional) stresstensor distribution. Central nuclei collisions at energies of a few eV’s should not result to a QGP formation; this has been the initial motivation of this part of our investigation.

We organize this paper as follows.

In section II we set up the problem and we briefly review the method that we will use in order to support our claims.

Section III deals with the classification of the energy momentum distributions for flat backgrounds. Three classes of distributions are found and one example for each one is given. In addition, the thermodynamical consequences, the final product of the collision, as well as the implications to collisions at the LHC are discussed.

Next section, section IV, generalizes the discussion of section III to AdS backgrounds and gives particular emphasis to the consequences in the applications of the gauge/gravity duality in heavy ion collisions.

Finally, in section V we summarize our findings and suggest possible extensions of this analysis. In particular, we include an extended discussion for extra flat dimensions and argue that the inclusion of such compact directions could make BHs creation at the LHC feasible.

II. SETTING UP THE PROBLEM

In this section we review very briefly the trapped surface method that is required for our subsequent analysis. More details can be found in [14, 19–23, 46] while extended notes exist in the appendices of [23].

We begin with the shock metric in a flat background created by a fast-moving source moving along the −x^3 direction

ds^2 = −2dx^+ dx^− + ϕ(x^1, x^2)δ(x^+)dx^{+ 2} + dx_⊥^2

x_⊥ = (x^1, x^2) (1)

where ϕ is the transverse profile of the shock and has dimensions of length, x^± are light-cone coordinates (defined as x^± = (x^0 ±x^3)/ √ 2) and δ is the Dirac’s function.

This ansatz satisfies trivially all the Einstein’s equations except the (++) component, which yields

3 R_{++} = 8πG ( T_{++} − 1 2 g_{++}T^μ_μ ) => −δ(x^+)

∇^2_⊥ 2 ϕ = 8πGT_{++} = EGρδ(x^+), T_{++} ≡ Eρδ(x^+) (2)

allowing one to identify the stress energy tensor component T_{++} with the transverse Laplacian of ϕ (times δ(x^+)/G)^4. In equation (2) we find it convenient to define T_{++} by pulling out its total energy E and its delta function dependence; this defines the density ρ = ρ(x_⊥).

The trapped surface consists of two pieces, S_+ and S_−. These are parametrized with the help of two functions, ψ_+ and ψ_−, which satisfy the following differential equation

∇^2_⊥(ψ_± − ϕ_±) = 0. (3)

Obviously, ∇^2_⊥ϕ_± provides a source term for ∇^2_⊥ψ_±. The missing ingredient is the boundary conditions. Dropping the indices ± from ψ_± from now on assuming a zero impact parameter and identical shocks we have ψ_+ = ψ_− = ψ. The boundary conditions then read ψ | |_C = 0 ∑ i=1,2 [∇_xi ψ∇_xi ψ] | |_C = 8 (4)

for some curve C, which defines the boundary of the trapped surface (so the curve C is the trapped horizon) and where both, S_+ = S and S_− = S end. The set of equations, equations (3) and (4) that define the trapped surface are generalized for AdS spaces in a straightforward manner. In particular, the differential equation (3) for AdS_5 is replaced by

(□_⊥ − 3/L^2)(ψ_± − ϕ_±) (5)

where □_⊥ is the scalar operator in AdS_3 while the (left hand side of the) second boundary condition in (4) should be contracted with the metric tensor of AdS_3.

III. FLAT BACKGROUND BHS PRODUCTION

A. General classification

The solution to the system of equations (3) and (4) is

ψ(x_⊥) = ϕ(x_⊥) − ϕ(x^c_⊥) (6)

where the curve C : x_⊥ = x^c_⊥ defines the trapped horizon, which is a 2-dimensional disk. The second boundary condition then specifies x^c_⊥ in terms of the data of the shock yielding^5

4 From now on we drop the dimensionless proportionality factors for simplicity as they do not alter qualitatively the final results.

5 All the positive constants will be set equal to one from now on.

(ψ(x^c_⊥)^′)^2 = 8 => ϕ(x^c_⊥)^′ ∼ 1. (7)

Now taking into account that equation ∇^2_⊥ϕ_{x⊥} ∼ EGρ (see equation (2)) implies 1/x_⊥ (x_⊥ϕ^′)^′ ∼ EGρ, then equation (7) yields ∫_xc_⊥ 0 xρ(x, k)dx x^c_⊥ ∼ 1 GE => ∫_xc_⊥ 0 xρ(x, k)dx kx^c_⊥ ∼ 1 GEk (8) where k a transverse scale whose inverse determines the width of the distribution ρ. Equation (8) is the basic equation of the flat background investigation and its consequence can be fit in three classes depending on ρ. The only assumptions for ρ is that it must be (i) everywhere positive (in space-time) in order to be a physical energy distribution^6, (ii) integrable in order to yield a finite total collision energy and (iii) it must have a monotonic fall-off in the sense d/dx(xρ(x)) = 0 has only a single real root^7.

In particular, assumption (ii) implies that the numerator in the left hand side of (8) is finite as x^c_⊥ → ∞. Assumptions (i) and (ii) combined, imply that the roots of the left hand side of (8) is at x^c_⊥ = ∞ and possibly at x^c_⊥ = 0 depending on the behavior of ρ at the origin. As it will be seen shortly, the behavior of ρ(x_⊥) near x_⊥ = 0 partitions the set of positive and integrable ρ’s into three disconnected classes according to the details of the trapped horizons.

The physical meaning of formula (8) is that given a total collision energy E, a trapped horizon exists if and only if there exists an x^c_⊥ such that the energy that is enclosed inside the circle of radius x^c_⊥ is equal (modulus constant pre-factors) to x^c_⊥/G. An observation for (8) comes about when notting that the left hand side of the equation (after the => symbol) is a dimensionless quantity of the variable kx_c. This implies that the dimensionless quantity that determines the existence and the behavior of the trapped surface(s) in a 4-dimensional flat backgrounds is set by the product of two energy scales as E × k in units of G. This fact should be contrasted with

6 This is the weak (and since T^μ_μ = 0 it is also the strong) energy condition: T^{μν} n_μn_ν = T^{−−}(n_−)^2 > 0 for any time-like (and space-like) vector n_μ if and only if T^{++} = T_{−−} ∼ ρ > 0.

7 By assumption as one expects that physical distributions either will increase, reach a maximum value and then decrease at infinity or they will start from a maximum value (which can be infinite but integrable at the origin) and keep decreasing. Multiplying by the measure x (of polar coordinates as the system is effectively 2-dimensional), turns either type of the distribution to a bump function, which vanishes at zero and at infinity and it has a maximum between. If this assumption is removed, then as we will see, more than two trapped horizons are allowed as the number of trapped surfaces increases with the number of the extrema of the left hand side of (8). In particular, assumption (iii) restricts the number of extrema to one or less (this is not a straightforward fact-see footnote in subsection III A 3).

FIG. 1: The function (Γ(1/4) − Γ(1/4, y^2)/y as a function of y ≡ kx_⊥. The dashed line corresponds to a given energy E. This is an example of a distribution that always results to a single trapped horizon regardless from the (small) value of GkE. the next section, which deals with AdS_5 backgrounds. There, as will see, the behavior of the corresponding dimensionless coupling is dramatically different and interesting.

1. Always a single black hole for any energy

This case corresponds to the distributions, which near the origin behave as ρ(x_⊥) ∼ 1/x^n_⊥+(sub-leading) where 2 > n > 1^{8 9}. This implies that the left hand side of (8) diverges at x^c_⊥ = 0 and goes to zero as x^c_⊥ → ∞ and as a result, there is always a single^{10} solution for any E to equation (8) for some x^c_⊥. As an example, we consider the (everywhere positive and integrable) distribution ρ ∼ k^2e^{−k2 x2⊥} /(kx_⊥)^{3/2}, which (for completeness) results to the shock ϕ ∼ EG √ kx_{⊥ 2}F_2({1/4, 1/4}; {5/4, 5/4}; −(kx_⊥)^2) where_pF_q the generalized hypergeometric function. Here k is some transverse scale that fixes the width of the distribution. The left hand side of (8) yields ∼ (Γ(1/4) − Γ(1/4, (kx^c_⊥)^2))/x^c_⊥ (Γ’s are Gamma and incomplete Gamma functions). Last expression is plotted in fig. 1 as a function of kx^c_⊥ along with a constant line (see dashed line in the figure) of 1/(GkE). The intersection point kx^c_⊥ is the rescaled radius of the unique apparent horizon for the given values of E and k.

It is evident that regardless from the value of GkE, which can be thought as a measure of the energy density on the transverse plane, a trapped horizon always exists: no mutter how dilute the energy is distributed on the transverse plane, a single BH will be formed.

8 ρ can not drop faster than 1/x^2 because the total energy of the collision is finite by assumption.

9 In particular, this implies that (xρ)^′ can not become zero in the interval (0, ∞) because xρ attains its unique (due to assumption (iii)-see below equation (8)) extremum at x = 0.

10 Uniqueness can be shown using the fact of the previous footnote and working analogously to the corresponding proof of section III A 3 (see the proof in the relevant footnote of that section).

FIG. 2: The function Erf(y)/y as a function of y ≡ kx_⊥. The dashed lines correspond to lines of constant energy E. This is an example of a distribution that results to a single trapped horizon but only for sufficiently small values of 1/GkE and hence sufficiently large values of E in units of 1/kG. In particular, the top dashed line does not correspond to a trapped horizon formation while the bottom line does.

2. Marginal case: one black hole for sufficiently large energy

This case corresponds to distributions that near the origin behave as ρ(x_⊥) ∼ 1/x_⊥+(sub-leading)^{11}. This implies that the left hand side of (8) goes to a constant as x^c_⊥ → 0 and goes to zero as x^c_⊥ → ∞ and as a result, there is a single solution^{12} x^c_⊥ to equation (8) but only for sufficiently large E.

As an example, we consider the (everywhere positive and integrable) distribution ρ ∼ k^2e^{−k2 x2⊥} /(kx), which (for completeness) results to the shock ϕ ∼ GEkx_{⊥ 2}F_2({1/2, 1/2}; {3/2, 3/2}; −(kx_⊥)^2). The left hand side of (8) yields ∼Erf(kx^c_⊥)^2))/x^c_⊥ where Erf is the error function. Previous expression is plotted in fig. 2 as a function of kx^c_⊥ along with lines of constant values of 1/(GkE). The intersection point kx^c_⊥, if it exists, is the rescaled radius of the unique apparent horizon. It is evident that a single BH will be formed if and only if the transverse energy density is large enough.

An interesting limit of this example is the limit where k → ∞. Then, the distribution becomes a delta function. This is precisely the case of Eardley and Giddings [14] where they found that a BH is always formed. This limit is easily recovered by considering the ordering of limits lim_{k→∞}[lim_{x⊥→0}Erf(kx_⊥)/x_⊥], which is consistent with the ordering of limits that a delta function is defined and, which yields ∼ lim_{k→∞} k. This implies that the intersection point of the left hand side of (8) with the vertical axis (see fig. 2) is shifted to infinity. Equivalently, lim_{k→∞}Erf(kx_⊥)/x_⊥ ∼ 1/x_⊥ which is the [14] case and

11 Since (xρ)^′|_{x=0} = 0, it implies that xρ does not have any other extrema (due to assumption (iii)-see below equation (8)).

12 Uniqueness can be shown using the fact of the previous footnote and working analogously to the corresponding proof of section III A 3 (see the proof in the relevant footnote of that section).

FIG. 3: The function (1 − e^{−y2} )/y as a function of y ≡ kx_⊥. This is an example where there exist two trapped horizons provided that the transverse energy distribution is dense enough. The dashed lines correspond to lines of constant E. The top and bottom lines imply no BH and two BHs formation respectively. The middle line suggests that there is a critical energy such that the large and the small BH merge.

hence a BH is always formed in this limit. Effectively, this limiting case transforms into the previous class of geometries/distributions we have already studied.

3. Two black holes for sufficiently large energy

Finally, the third class concerns distributions that behave as ρ(x_⊥) ∼ 1/x^n_⊥+(sub-leading) where n < 1. Then the left hand side of (8) vanishes at x^c_⊥ = 0 and since it also vanishes at x^c_⊥ = ∞, it implies that given sufficiently large energy, there exist two roots for equation (8) resulting to two BHs: a small and a large one. The possibility of more than two roots of (8) and hence more than two BHs is excluded as a consequence of assumption (iii) in section III A^{13}.

As an example, we consider the (everywhere positive and integrable) distribution ρ ∼ k^2e^{−k2 x2⊥} . The corresponding shock is ϕ ∼ EG ( Ei(k^2x^2_⊥) − log(k^2x^2_⊥) ) where the logarithm removes the logarithm of the exponential integral function Ei (when expanded at small arguments) and hence it removes the delta function source keeping only the gaussian one.

13 Pf: The extrema of the left hand side of (8) are the zeros of the function f(x) = ρx^2 − ∫_x 0 ρxdx and are located in the open interval (0, ∞). We claim that f begins from zero (because of assumption (ii)), then for small arguments it increases at positive values (because at small x, ρ(x) increases slower than 1/x) and it eventually asymptotes to a negative value (because of assumption (ii) which in particular implies that ρ decays faster than 1/x^2 at large x.). This implies that f must have at least a (positive valued) maximum and at least one root. We claim this root is unique. To show this, it suffices to show that the maximum of f is the unique extremum, which means that f^′ must have a single root. Computing f^′ we obtain f^′ = x(xρ)^′. But f^′ ∼ (xρ)^′ has only one root in the open interval (0, ∞) which is true by assumption.

FIG. 4: The function x(xρ)^′ as a function of x (in units of k) where ρ ∼ k^2 ( kx cos^2(kx) exp[−0.1kx] ) . This distribution clearly violates condition (iii) and more than two apparent horizons are thus expected.

The left hand side of (8) yields (1 − e^{−k2x2⊥} )/x_⊥ and is plotted in fig. 3 as a function of kx^c_⊥ along with lines of constant values of 1/(GkE). The two intersection points kx^c_⊥, if they exist, are the two (rescaled) radius of the apparent horizons. Evidently, there are two trapped surfaces, a small and a large one, if and only if there exist enough energy in the collision. In fact, the small trapped surface becomes smaller as E increases with opposite behavior for the large one. What is more, is that there exists a critical value of the energy where only one trapped horizon exists while for even smaller energies, trapped horizons cease to exist at all. These features point, by analogy, to the direction of an extremal charged BH and a naked singularity situation respectively (compare with [47]). We will return on this in section III B.

4. Many-many apparent horizons

Relaxing the (iii) condition, which says that the expression x(xρ)^′ has a single root (other than maybe the root at x = 0) and allowing more roots, generally yields more trapped surfaces. As an example, we consider the positive and integrable distribution ρ ∼ k^2 ( kx cos^2(kx) exp[−0.1kx] ) where k is the transverse scale associated with the width of ρ. According to fig. 4, it violates (iii) condition. Hence, more BHs are expected. Indeed, fig. 4 shows the violation of condition (iii) while fig.’s 5 indicate explicitly the possibility of more than two apparent horizons may be created.

An important observation is that at high enough energies, the number of the resulting trapped horizons is (at most) two and, this independently on whether assumption (iii) applies. This statement holds because (the left hand side of (8)) vanishes only at x = ∞ and depending on the behavior of ρ at the origin, occasionally at x = 0. Lowering sufficiently the horizontal lines (see caption in fig. 5) by increasing the energy, it will result in two intersection points (at most) and thus into two trapped horizons exhibiting some universal behavior independently on the (intermediate) details of the ρ’s.

FIG. 5: The left hand side of condition (8) for the distribution ρ ∼ k^2 ( kx cos^2(kx) exp[−0.1kx] ) as a function of y = kx.

The top figure shows the condition globally in the whole range. At large enough y’s the left hand side of (8) decays to zero. The bottom plot, focuses close to the origin. The number of BHs is found by the number of intersection points of the plot with horizontal lines, which correspond to some fixed energy. Clearly, the horizontal (dashed) line with value 2.5 intersects the curve three times at the vicinity of y = 4.5 and (at least) one at infinity yielding four possible trapped horizons.

B. Thermodynamical implications

We will discuss the small BHs of III A 3 with respect to their thermodynamical properties and thermodynamical stability. Most of the discussion of this part is based on assumptions and speculations and outlines several possible scenarios. However, a resolution of the open possibilities would be achieved when the actual Einstein’s equations are solved and the problem is posed as an initial value problem in which case numerical relativity could say the final word. Our approach in this paper is simpler and inadequate in distinguishing the several ways of the evolution of the system, which will be mentioned below.

We begin from the Hawking formula for the entropy of a BH S_{BH} ≥ S_{trap} = A_{trap} 4G = 2 4G ∫_xc_⊥ 0 d^2x_⊥ = π G (x^c_⊥(E))^2 (9) where A_{trap} is the area of the trapped surface, the factor of 2 (second equality) comes from the two trapped surfaces S_+ and S_− (see section (II)) while the dependence of the trapped horizon on the energy is explicitly given (third equality). In what follows we will assume S_{BH} is proportional to S_{trap} ≡ S and drop any subscripts on

S_{trap}. Numerical works [48] (in AdS backgrounds) indicate that the difference is an energy independent proportionality factor.

We see two possible scenarios.

1. The co-existence scenario where the small surface is inside the big one (co-centric) and they are both created at the same time. Then, the following possibilities exist: (a) Only the large BH mutters as the small one is hidden inside the large BH and its effects/presence will never be observed. (b) A related possibility is that the resulting black object will eventually evolve into a Reissner-Nordstrom (RN) BH. An RN BH has two coeccentric horizons separating the BH in two regions. In this work, we find that the outer (inner) horizon increases (decreases) as the energy increases, similarly to the RN case. In addition there exists a critical value of the energy (see middle dashed line in fig. 3) where the two horizons coincide, resembling the extremal case in RN BH. The connection can be motivated further by defining the transverse scale of the width k to be r^2_Q ≡ 1/k^2 ≡ Q^2G where Q a dimensionless parameter that can be dialed in independently on E. Hence, in our case as well, there also exist two length scales: r_S = GE and r^2_q = Q^2G while the extremality occurs when r_S /r_Q take a given minimum value. Decreasing the energy further, we find that a trapped surface is not formed. The corresponding picture in RN yields a naked singularity.

2. The separately formed scenario: the two solutions are possible saddle points of the (classical) theory. However since the large BH has a larger S, it has more probability to be formed. But in principle either the one or the other will be formed but not both (simultaneously; classically at least). We are mentioning the following possibilities: (a) The small BH is unstable and will decay immediately. (b) This (the small) solution naively^{14} yields negative temperatures because its size (and hence entropy) decreases as energy increases. hence, the small trapped horizon solution just doesn’t make sense and it should be discarded.

C. Universal behavior(s)

In the high energy limit, the left hand side of (8) becomes 1/x_c because x_c becomes large and as a result, ∫_{xc} 0 xρdx →∼ 1. Thus, x_c →∼ GE with the dependence on k dropping out. This implies that in the high energy limit the following universal result^{15}, independent on the

14 In the sense that at the instant of the collision, the system is far out of equilibrium and the discussion about temperature should be taken with caution.

15 When two BHs exist, the universal behavior refers to the large BH.

FIG. 6: The (un-normalized) boosted Woods-Saxon distribution plotted numerically as a function of the transverse coordinates (in arbitrary units). Evidently this distribution belongs to the third class of distributions of this section and as a result, there expected two BHs if the energy is sufficiently large.

transverse distributions, applies S ∼ G(Ek)^2 ∼ k^2s, EkG ≫ 1. (10) Another interesting point is to note that all the shocks in subsections III A 1-III A 3 grow logarithmically at infinity. In fact, this is valid for any (positive, integrable) distribution ρ. To see this, one must note that the derivative of the shock is ϕ^′ ∼ 1/x_⊥ ∫_{x⊥} 0 yρ(y)dy and it becomes ϕ^′ ∼ 1/x_⊥ at large x_⊥. This implies that in 1+3 space-time dimensions, a (physical) distribution ρ, which creates a shock geometry such that it decays at infinity, does not exist. In 1 + n space time dimensions the shock decays as ϕ ∼ 1/x^{3−n}_⊥ at large x_⊥. As we will see, there also exists the AdS version behavior of the shock-wave at large arguments and, which specifies the stress tensor in the gauge theory side.

D. An application for LHC

An interesting distribution to investigate is the Woods- Saxon (phenomenological) profile [49], which seems to describe the nuclei distributions quite successfully. Boosting to the infinite frame by sending the boost factor to infinity but keeping the total energy E fixed (at the order of the LHC scales), one obtains (see fig. 6)

T_{++} = E c √ 2 ∫_∞ −∞ dx_3 1 + e √_{(x⊥/a)2 +(x3/a)2−R/a} δ(x^+) (11) where a ≈ 0.5 fm, R ≈ 7.4 fm is the Pb radius for the probes at LHC, c = −πLi_3(exp(R/a)) fm^2 = 13732 fm^2 (Li_3(x) is the polylogarithm function), which is chosen such that when (11) is integrated on the whole space to give the total energy E. The √ 2 is a consequence of our convention for the light-cone coordinates.

In fig. (7) we plot the quantity on the left hand side of (8) by identifying k with 1/a while both of the sides

FIG. 7: The (normalized) left hand side of (8) times a = 0.5 fm plotted numerically as a function of the transverse coordinate (in units of fm). As expected from fig. (6) and the discussion of subsection III A 3, two BHs may be formed given sufficiently large energy. The plot has a peak approximately at the point (13.5,0.024) and this point corresponds to the minimum energy where an apparent horizon could be created.

of the equation are dimensionless. As expected, it seems that two apparent horizons may exist, a small and a large one, given sufficiently large energy. On the other hand, the exact proportionality factor on the right hand side of (8) turns out to be 2 √ 2/(16π)a ≈ 0.03 fm and as a result, this side of the equation is approximately equal to 0.03 fm/GE. Converting everything in Planck mass units (M^2_p = 1/G) the right hand side of (8) becomes

1.8 × 10^{18}M_p/E. (12)

Taking into account that, according to fig. 7, the trapped horizon with the least energy is formed when the left hand side of (8) is 0.024 and, equating this value with (12), it is deduced that the required energy is approximately 10^{20} orders of magnitude of the Planck mass, which is an extremely large energy. We conclude that, if this simplified model is not far from reality, no BHs will be seen at the LHC. However, there is a scenario discussed in the conclusions, which may avoid the obstacle in creating BHs of such a large scale set by the Newton’s constant in 4 dimensions.

It is also interesting to note that any possible BHs found at the LHC (if the alternative scenario discussed in the conclusions is employed) could be of the RN type in the sense that they will consist of two co-eccentric horizons having a similar behavior with the energy as in the RN case.

IV. AdS5 BACKGROUND BHS PRODUCTION

Our investigation concerns head-on collisions of symmetrical distributions that (may) yield O(3) trapped geometries. We classify the O(3) symmetric bulk distributions in AdS_5 according to whether trapped surfaces may or may not be formed. This symmetrical case is certainly not the most general one but it is convenient as it allows an analytical treatment of the problem and it suffices in showing our claims. The presentation of this section, which (initially) follows [21], will be brief as the ideas are similar with those of previous section. We begin from the analogue of equations (1) and (2) adapted to spherically symmetric shocks in AdS_5

ds^2 = b(z)^2 ( − 2dx^+dx^− + dx^2_⊥ + dz^2 ) + b(z)ϕ(q(x^1, x^2, z))

× δ(x^+)dx^{+ 2}, b(z) = L z , q = x^2_⊥ + (z − z_0)^2 4zz_0 (13)

where L is the AdS_5 radius, z is the fifth dimension with the boundary CFT residing at z = 0, q is the chordal distance in AdS_3, which makes the O(3) symmetry manifest while the role of z_0 is analyzed below. This ansatz, as before, satisfies trivially all the Einstein’s equations except the (++) component, which yields

R_{++} + 4 L^2 g_{++} = 8πG ( J_{++} − 2 3 g_{++}J^μ_μ )

=> −1/2δ(x^+) ( □_⊥ − 3/L^2 ) ϕ = 8πG(z/L)J_{++} = 8πEGρ̃(q)δ(x^+), J_{++} ≡ E(L/z)ρ̃(q)δ(x^+) (14)

where the □_⊥ operator is with respect to the AdS_3 metric

ds^2 = L^2 [ dq^2/(q(q + 1)) + 4q(1 + q)dΩ^2 ] , (15)

G is the Newton’s constant, which in this section concerns five dimensions, E is proportional to the total bulk energy of the distribution, z_0 is the location of the center of the bulk distribution and, which according to the AdS/CFT dictionary (see [21, 23] for instance), is proportional to the width of the gauge theory stress-energy tensor (see also below). Both of the quantities ϕ and ρ̃ are functions of q and they have dimensions of length to the first and the minus third power respectively. Dropping any positive dimensionless constants but keeping track of relative signs, previous equation yields the following differential equation for ϕ

q(1 + q)ϕ^{′′} + 3/2(1 + 2q)ϕ^′ − 3ϕ ∼ −EGL^2ρ̃

= −EG/L^2z_0ρ (16)

where ρ ≡ L^4/z_oρ̃ as defined is dimensionless while ϕ has dimensions of length as it should. The choice of the overall coefficient for the bulk source comes about as follows: we need the field ϕ to expand at large q as 1/q^3 in order to ensure consistency with the AdS/CFT dictionary. Then, taking into account (16) and the fact that T_{++} ∼ (L^2/G) × 1/(zq)^3|_{z=0}δ(x^+) where T_{++} is the gauge theory stress-tensor and assuming that we fix the integral of T_{++} on the transverse plane to yield E^{16}, we conclude that the overall dimension-full coef-

16 Allowing us to identify E with the total collision energy in the gauge theory side. According to (14), E is (at the same time) proportional to the total bulk energy of the collision from the 5-dimensional point of view.

ficient of ϕ is EG/L^2z_0. Indeed, such a choice results T_{++} ∼ E^{zo4}_{(x2⊥+z20 )3} δ(x^+) which integrates to E.

The solution to equation (16) can take the integral form ϕ ∼ E(G/L^2)z_0 { (1 + 2q) ( C_1 + ∫_q q_0

a_1(y) ∫_y 0 a_2(x)dxdy )

+ C_2 ( −2(1 + 8q(1 + q) √ q(1 + q)

+ 8(1 + 2q) ) } , a_1(q) = 1 (1 + 2q)^2(q(1 + q))^{3/2} , a_2(q) = (1 + 2q) √ q(1 + q)ρ(q) (17)

where C_1(q_0) and C_2 = ∫ a_2(y_0)dy_0 | |_{y0=0} are constants

chosen such that to remove the (1+2q) and 1/ √ q terms of ϕ coming from the two lower limits of the integrations. This choice of C_1 yields (as mentioned above) ϕ ∼ 1/q^3 at large q and ensures that the geometry, according to the AdS dictionary, corresponds to a boundary CFT theory. C_2 on the other hand, should be chosen such that to cancel the 1/ √ q behavior of the integral at small q because such a behavior induces an additional (to ρ) δ(q)-source^{17} on the right hand side of (16) (see [21]). In particular, for distributions satisfying ∫_y 0 a_2(y_0)dy_0 → 0 as y → 0, the coefficient C_2 = 0.

A few remarks are in order: (a) the first integral in (16) involving a_2 not only it should be finite as the upper limit tends to infinity but it should yield a positive constant. The reason is because, as we will see soon (see equation (19)), it represents the bulk energy inside a ball of radius y sitting in AdS_3 and this energy should be finite. This obviously occurs for a subset of choices of positive ρ’s; we call these physical ρ’s. (b) In particular, remark (a) implies that in the large upper limit expansion, this integral has a zeroth order term while the rest terms are sub-leading (involving negative powers). (c) The second integral involving a_1 when convoluted with negative powers and then expanded in the large upper (q) limit, yields powers that drop faster than 1/q^3. Hence, these terms do not contribute to the gauge theory stress-tensor. Convoluting with a zeroth power on the other hand, yields an 1/q^3 fall-off and this term does contribute to the CFT stress-tensor. (d) Previous three remarks imply that physical sources yield a proper map-

17 Pf: In order to see this one should, using (15), integrate (□_{AdS3} − 3/L^2)f inside a small sphere of radius q_0 with f ∼ 1/ √ q and finally take the limit q_0 → 0: ∫_{q0} 0 √ g_3∇^a∇_a √ qdqdΩ^2 = ∫ S √ g^{ind}_2 ( ∇_a √ q ) n^adΩ^2 | |_{q=q0} = −1/2 ∫ S q(1 + q)q^{3/2}g^{−1/2}_{qq} dΩ^2 | |_{q=q0} ∼ ∫_S dΩ2 + O(√q_0) →∼ 1

where g^{ind}_2 is the induced metric of g_3 ≡ g_{AdS3} on the surface S : q = q_0, n^μ a unit normal vector on the same surface while after first equality, Gauss law has been employed.

ping of the geometrical description to the gauge theory description^{18}.

A. General classification

The analogue solution of (6), to equation (5) with the condition ψ(q_c) = 0 satisfied and where the curve C : q = q^c defines the trapped horizon, is ψ(q) = ϕ(q) − ϕ(q_c) 1 + 2q_c

(1 + 2q). (18)

The derivative condition on the trapped surface in this case is g^{qq} ψ ∼ 1 where g^{qq} = q(1 + q)/L is the (qq) component of the inverse metric of AdS_3. Then, employing (17) and (18) yields ∫_{qc} 0 √ q(1 + q)(1 + 2q)ρ(q) (1 + 2q_c)q_c(1 + q_c) dq ∼ L z_0

L^2 GE ∼ L^3 G k E , k ∼ 1/z_0 (19)

where k ∼ 1/z_0, as mentioned, is a transverse scale associated with the width of the gauge theory stress-tensor in the CFT. Equation (19) is the same as the condition derived in [21] and has an analogous form and physical meaning as condition (8) with one crucial difference: the right hand sides of the two conditions differ by the fact that in (8) there exists the combination E×k while in (19) there exists the ratio^{19} k/E. This is a very important fact with potential consequences in heavy ion collisions and, which we will return in section IV C.

The comments below condition (8) apply also here with minor modifications and so we will be brief in the subsequent presentation. We have therefore, all the machinery and the ideas in classifying the O(3) invariant distributions in AdS according to whether they produce one or more trapped surfaces during a collision. The distribution is again assumed (i) everywhere positive, (ii) integrable on the AdS_3 subspace and (iii) that the quantity √ q(1 + 2q)(1 + 2q)ρ(q)/(1 + 6q + 6q^2) has at most one maximum.

18 The 1/q^3 decay of ϕ at large q can be justified rigorously as follows. The term in (17) which is proportional to C_2 decays as 1/q^3 and so we ignore it from the further argument. Dividing the remaining terms with (1+2q), taking the derivative in both sides of the resulting equation and taking the large q limit, taking into account that the integral involving a_2 is finite by assumption (see (19) and assumption (ii) in section IV A), yields (ϕ/(1 + 2q))^′ ∼ 1/q^5 where q ≫ 1. Integrating (ϕ/(1 + 2q))^′ (at large q) yields ϕ ∼ 1/q^3 up to 1 + 2q terms coming from the integration constants and which are cancelled by a suitable choice of C_1 in (17).

19 The dimensionless parameter G_5/L^3 is removed from the discussion as, in a bottom-up approach, it will be chosen such that it fits data [21].

The consequences of these three assumptions are similar as in flat space (see discussion below (8)). In particular, condition (iii) ensures that no more than two trapped surfaces may be created^{20}.

1. Always a single black hole for any energy

This case corresponds to distributions that at small q behave as ρ ∼ 1/q^n+(sub-leading) where 3/2 > n > 1/2. The upper bound comes by demanding finite total energy while the lower bound comes by demanding the left hand side of (8) to diverge as qc → 0.

As an example of such a distribution one may consider ρ ∼ 1/[q(1 + 2q)(1 + q)^2], which as can be checked, creates the shock ϕ ∼ −EGz_0/L^2(1 + 2q) ( 1/(1 + q) + 4/(1 + 2q) + log[q(1 + 2q)^4/(16(1 + q)^5)] ) . At large q this shock-geometry behaves as 1/q^3, which implies the stress-tensor in gauge theory behaves as E/(x^2_⊥ + z^2_0 )^3 and is also positive as should. It is pointed that the relative signs work out^{21} and that z_0 is the transverse width of the gauge theory stress-tensor. The left hand side of (19) behaves as 1/ (√ q(1 + q)^{3/2}(1 + 2q) ) and the corresponding plot topologically looks like fig. 1 showing that a single trapped surface is always formed for any energy. Evidently, at large E one obtains q^3_c ∼ E/k.

2. Marginal case: one black hole for sufficiently large energy

This case corresponds to distributions that at small q behave as ρ ∼ 1/ √ q+(sub-leading). As an example of such a distribution one may consider ρ ∼ 1/[(1 + 2q)^2 √ q(1 + q)^{3/2}], which as can

be checked, creates the shock ϕ ∼ EGz_0/L^2 ( 2q − 4 √ q(1 + q)(1 + 2q) ( tan^{−1} (√_q 1+q ) + log(2) − π/4 ) −(1 + 8q(1 + q)) log ((1 + q)/(1 + 2q)) ) / √ q(1 + q). At

20 Working analogously as in the flat space, one finds that a condition for having two trapped surfaces at most, reduces in demanding that the function g(q) = f/b where f = √ q(1 + 2q)(1+ 2q)ρ(q) and b = (q(1 + q)(1 + 2q))^′ = (1+6q+6q^2) has (at most) a single maximum at some point q = q_0. Remark: The condition that the quantity f = √ q(1 + 2q)(1 + 2q)ρ has at most a single maximum is more physically motivated by analogy with the flat space and in the view of the integrand of (19). It is possible to make the two conditions applicable simultaneously by imposing extra conditions on f. For instance one could demand that (log(gb))^′ = (log(f))^′ has only one root (at most) in the interval (q_0, ∞) where q_0 is the (only possible) maximum of g. In fact, the two conditions happened to coincide for all the cases that we have checked.

21 Such that both, the (dual) gauge theory stress-tensor and the bulk tensor are positive.

large q the shock decays as 1/q^3, which is in accordance with the AdS dictionary while, the left hand side of (19) becomes ∼ log[(1 + 2q)/(1 + q)]/(q(1 + q)(1 + 2q)), which vanishes as q → ∞ and it is finite when q = 0. Topologically, this plot is like that one of fig. 2 showing that only a single trapped surface may be formed for sufficiently large energy. In addition, at large E one again obtains q^3_c ∼ E/k as in IV A 1.

3. Two black holes for sufficiently large energy

This case corresponds to distributions that at small q behave as ρ ∼ 1/q^n+(sub-leading) where n < 1/2. As an example of such a distribution one may consider the n = −1/2 and in particular the distribution ρ ∼ √ q/ ( (1 + q)^{5/2}(1 + 2q)^2 ) , which as can be checked, cre-

ates the shock ϕ ∼ −EGz_0/L^2 ( 3+2q(30+q(61+32q))−

36(1 + q) √ q(1 + q)(1 + 2q) tan^{−1} (√ q/(1 + q) ) + 6(1 +

q)(1+8q(1+q)) tanh^{−1} (q/(2 + 3q)) ) / ( 3 √ q(1 + q)^{3/2} ) + EGz_0/L^2 ( (1+8q+8q^2)/ √ q(1 + q) ) +EGz_0/L^2 ( (4/3(5+

log(8)) − 3π) (1 + 2q) ) . The second and first terms from the end subtract the delta function source at small q and ensure a 1/q^3 (in order to have a proper CFT mapping) fall-off at large q respectively. Remarkably, this shockgeometry is everywhere finite, has finite first order derivatives but irregular second and higher order derivatives at q = 0.

The left hand side of (19) becomes ∼ ( q + (1+q) log [(1 + q)/(1 + 2q)] ) / ( q(1 + q)^2(1 + 2q) ) , which vanishes as q → 0 and as q → ∞. Topologically, this plot is like that one of fig. 3 showing the possibility of creation not of just one but of two trapped surfaces, a small and a large one, for sufficiently large energy. Finally, the behavior of q_c with E in the high energy limit is the same as in previous cases, namely as q^3_c ∼ E/k.

One should bare in mind the analytical work of [50] and the numerical results of [51, 52] concerning AdS_5 background. In these works, a BH eventually, after multiple re-scatterings with the boundary of the AdS, will be formed. However, these works have a different set-up from the current one. They use a global covering of the AdS_5 space, the corresponding bulk fields are self interacting in the sense that they obey their own equation of motion and most importantly, these are exact conformally invariant set-ups. In the contrary, in our case the presence of the energy E and the transverse width k of the distribution breaks conformality (softly). Hence the fact that a BH is not always formed is a possible scenario as supported by our results and also from other works [53].

B. Thermodynamical implications

For AdS backgrounds we know that the AdS- Schwarzschild large BH is thermodynamically stable and the small one is unstable. Thus, it seems that all the trapped horizons that we find and, which eventually will form BHs, will be probably thermodynamically stable except maybe from the small horizons of subsection IV A 3 (in a non-coexisting scenario see section III A 3). In the coexisting scenario, where both, the large trapped surface surrounds the small one, it is possible that the system will evolve into an AdS-RN BH where, as in the flat space, the third required scale (in addition to the AdS_5 radius and the Schwarzschild scale due to E) is probably the transverse width of the distribution.

C. Implications for heavy ion collisions and QGP

At RHIC and now at LHC the QGP production is expected that is formed during heavy ion collisions. AdS/CFT has been proven a powerful tool in modeling these kind of collisions [28–30, 46, 48, 54–75] and predicting the QGP formation, which in the AdS/CFT context, implies a BH creation. However, the existing literature has missed one important feature of QGP observed experimentally and, which is according to our intuition: QGP, even for very central collisions, is formed for sufficiently large energies, much larger than Λ_{QCD}. However, the existing works have found that the criterion in forming a BH shares qualitatively the features of the plot in fig. 1: a BH is formed for any small energy (as long as the collision is central).

Identifying k with Λ_{QCD} in (19) is now tempting. According to (the analogues of) fig.’s 1 and 2 (adapted for the AdS_5 background case), it is deduced that at high energies such that E ≫ k = Λ_{QCD}, there are more chances to get a BH and hence to produce QGP. Opposite conclusions apply in the E ≪ k limit. This is exactly what it is expected/observed in realistic heavy ion collisions and it is pleasing that it can be modeled geometrically.

In this work, we have shown that one can built geometries that both, map properly onto a CFT and, which when applied in heavy ion collisions, they capture the prescribed feature of QGP formation. We assumed an O(3) symmetry for simplicity, which allowed us to derive our conclusions using purely analytical methods. This symmetry, which is not necessarily realistic (in real heavy ion collisions; see [76] however) together with (approximate) conformal invariance, force the gauge theory stress-tensor of the colliding matter to behave as a power law and in particular as ∼ Ez^4_0 /(x^2_⊥ + z^2_0 )^3δ(x^+). In addition, as we have seen from all the examples we have studied, in the high energy limit q_c ∼ (E/k)^{1/3}. This implies that total multiplicities N grow as N∼ S ∼ (s/k^2)^{1/3} where s is the c.m. energy of the heavy ions beam^{22}. This is a general feature of the O(3) symmetry and yields a universal behavior^{23} for S(E) similar to the flat space of section III C. Such a universal high energy limit behavior predicts a slightly larger growth of multiplicities compared to the data (N ∼ s^{1/4})^{24}. In order to see this universal result, one has to take the high energy limit and hence the large q_c limit of (19) taking into account that the distribution ρ is integrable (by physical assumption). Hence the numerator of the left hand side of this equation approaches a constant and the equation yields q^3_c ∼ E/k. The final step is to compute S from the adaption of (9) for AdS_5 with the subspace measure (that of AdS_3). At large q_c it yields S ∼ q^{2/3}_c and hence S ∼ N ∼ (s/k^2)^{1/3}.

Attempting to fit the RHIC and the LHC data by incorporating weak coupling physics: a phenomenological approach

It is possible that the scale k could depend on the energy. Instead of identifying the transverse scale of the gauge theory stress-tensor k with Λ_{QCD} one could identify it with Q_s(E) that is with the saturation scale [78]. Such an identification is physically motivated as Q_s is the typical transverse momentum of the gluon field (which dominates over the fermions) in a highly boosted nucleus. Furthermore, taking k = Q_s, incorporates, in a sense, the weak coupling physics that also participate in heavy ions collisions. Taking into account that perturbative calculations [79–82] yield Q_s ∼ Λ_{QCD}( √ s)^λ, λ ∈ [0.1, 0.19] with λ = 0.19 [82] referring to nucleus-nucleus collisions and s is measured in GeV, it is deduced that^{25} N ∼ ( s Q^2_s(s) )_{1/3} ≈ ∼ (s/Λ^2_{QCD})^{0.27}. (20)

Such a dependence of N on s, which is very close to the commonly accepted power N ∼ s^{1/4} (see [23] and references therein), may fit the Phobos [84] and the first ALICE [85] data satisfactory within the error bars, up to an overall energy independent proportionality factor (see fig. 8 and [23] for a different but related approach). This result is universal, independent on the details of the transverse distributions, as long as the high energy limit is assumed. This implies that E = 1/2 √ s ≫ k = Q_s

22 The fact that N ∼ S is based on phenomenological assumptions and it is not straightforward. The fact that S ∼ s^{1/3} will be explained shortly. We consult the reader to see [19–23].

23 Departing from the O(3) symmetry, different (than the power law) gauge theory stress-tensors become possible and one may find a model that is closer to more realistic nuclear profiles. To this end, multiplicities are generally going to be different.

24 See [23, 77] for a more involved treatment where a fitting with RHIC and LHC data as well as future predictions are achieved.

25 Equation (20) may have significant corrections due to both, higher order corrections and also running coupling effects of λ [83].

FIG. 8: The PHOBOS [84] and the preliminary ALICE [85] (right point) data including the error bars. The vertical axis denotes the total multiplicity while the horizontal denotes the nuclon-nucleon c.m. energy meassured in GeV. The far right (ALICE) point has been adjusted from [85] by a factor of 2A_{P b}/375, where A_{P b} is the atomic number of Pb, in order to compensate the non-exact centrality aspect of the process. The dashed line is our theoretical prediction, (formula (20)) N = 295( √ s/GeV )^{0.54} where the number 295 is the only (energy independent) fitting factor.

should apply, which means ( √ s/Λ_{QCD})^{1−λ} ≫ 1 should hold and, which is a consistent inequality for the energies at RHIC and at LHC.

Mapping the gravity evolution to the evolution of the produced medium in heavy ions

A possible evolution of the system in gravity and its implications in heavy ions motivated from the gravity analysis of section IV A 3 is the following. After the shocks collide, two co-eccentric 3-dimensional black disks, the trapped surface, is formed. This surface has (almost) a zero depth in the longitudinal direction. The projection of this configuration in R^{1,3} is 2-dimensional disk, that is a 2-dimensional plasma. This applies immediately after the collision. Then, the trapped horizon will isotropize due to the huge longitudinal pressure gradient in the center of the black object and it will evolve into a (RN) BH; exactly as it is expected in heavy ions [86–88] where the resulting thermal medium becomes isotropic. Such an RN-like configuration could capture the presence of a chemical potential [22] in QGP. Since the inner horizon of an RN BH has different thermodynamical properties than the intermediate shell extending to the outer horizon [89], this system could model a hotter central region and a thermodynamically unstable periphery [31–34] during the medium’s last stages of evolution. Finally, the BH will undergo through a Hawking evaporation, which implies a hadronic phase transition in the heavy ions picture. This difference in the thermodynamical behavior of the inner-outer region is qualitatively in accordance with the hydrodynamical simulations [90–92] of the QGP evolution.

V. SUMMARY, CONCLUSSIONS AND FUTURE DIRECTIONS

In this work we have studied the problem of trapped surface(s) formation resulted by colliding extended “spherically” symmetric, physical sources on the transverse plane and boosted to the speed of light. The total energy of the collision has been assumed finite and the impact parameter zero. The investigation has taken place in 4 dimensional flat and AdS_5 backgrounds.

Our conclusions are summarized as follows.

I. For both backgrounds the spherically symmetric distributions have been classified according to: (i) always a single apparent horizon for any E (ii) a single apparent horizon for sufficiently large E (iii) two apparent horizons for sufficiently large E. Last category suggests that small and large BHs may be formed even in flat backgrounds, which, at the best of our knowledge, is a new result.

II. We found that the creation of small BHs in both types of backgrounds is possible. In section III B we have presented the possible scenarios for the flat backgrounds with similar possibilities for the AdS backgrounds. We find particularly attractive the suggestion that the resulting configuration will finally equilibrate into an RN BH. The role of the scale multiplying the charge in the RN BH should be played by the transverse scale of the distribution. In particular, considering AdS_5 backgrounds, the RN scenario would explain the appearance of a chemical potential during heavy ion collisions. Such a configuration could model a hotter core (using the inner horizon) having different thermodynamical properties than the outer region (the shell between the inner and the outer horizon) as it happens in realistic collisions, according to hydrodynamical simulations [90–92]. A detailed scenario based on the RN BH explanation, with emphasis in the implications of the QGP evolution, is proposed at the end of section IV C. In any case, all scenarios worth further investigation while possibly only numerical relativity may answer these sort of questions reliably.

III. There is a universal behavior independent on the colliding bulk distributions, which have a transverse scale k that generally depends on E. In the high energy limit, one obtains S ∼ (kE)^2 and S ∼ (E/k)^{2/3} for flat and AdS_5 backgrounds respectively for any collided distribution obeying standard assumptions found in sections III, IV. This applies even when assumption (iii) (see sections III and IV) is relaxed. In the introduction, it was claimed that this result was independent on the presence of any extra dimensions and on the impact parameter b as long as the energy is sufficiently high. For the extra dimensions, this was shown in [93] in higher dimensions. The idea is clear: at very large energies, the resulting black object occupies the whole compact directions and becomes independent on them (see for instance (23) for large x_⊥). An analogous idea motivated by the exact result of [14], applies for having a non-zero b which results in a non-zero angular momentum and yields an elliptical trapped horizon. However, as Eb → ∞, the surface becomes (more) circular.

IV. A phenomenological model for describing possible (4-dimensional) BH creation at the LHC has been constructed using the Woods-saxon profile as the colliding matter. This profile results to two trapped horizons given sufficiently large energy (see fig. 7). Substituting the numbers, it is found that the minimum energy required is of the order of 10^{20} of M_p, pointing to the direction that no BHs will ever be seen at the LHC. This result is consistent with the fact that the SM interactions inside the world as we know it today, dominate over the gravitational ones for energies way below M_p. However, as it is discussed below, there might be a way around.

V. Classes (ii) and (iii) of the first conclusion (see above) show the possibility in building geometries that both, mimic heavy ion collisions and, which predict QGP formation only for sufficiently large energies compared to the transverse scale involved and, which is tempted to be interpreted as the Λ_{QCD} scale. This fact applies (even) for perfectly central collisions. In addition, the O(3) geometries seem to predict that the total multiplicities at high energies behave as (s/k^2)^{1/3} independently on the details of the profiles of the bulk distributions.

VI. In the AdS_5 space, the transverse scale of the bulk distribution coincides with the transverse width of the gauge theory stress tensor before the collision and, which in turn, it can be thought as a nucleus moving with the speed of light. In the color glass condensate language (CGC) [78, 94] this width is the saturation scale Q_s. It is of the order of GeV and it depends on the energy in a fashion which is computed perturbatively [95]. Identifying k with Q_s is not only a plausible assumption but it also incorporates in a sense, the weak coupling physics in the large coupling treatment that AdS/CFT relies on. Such an identification yields the result that total multiplicities grow as N ∼ (s/Λ^2_{QCD})^{0.27} which seems to describe satisfactory the PHOBOS [84] and the ALICE [85] data at RHIC and at LHC respectively. The corresponding plot is depicted in figure 8.

VII. A number of investigations have been postponed for future work. The non-zero impact parameter case corresponds to more realistic situations, especially in heavy ion collisions (i.e. elliptic flow [90]) and should be considered. However, we expect that it will not change the results in the high energy limit (see conclusion IV and the results of [14, 41] in the limit GE/b ≫ 1).

Introducing extra dimensions and BHs at the TeV scale

VIII. A more interesting new direction is the generalization to more dimensions. Although a straightforward task, such a generalization will turn out useful in taking another step further: the inclusion of extra, flat dimensions for flat backgrounds, which is a valid scenario for the BHs production in the accelerators as it could lower the Planck mass and make the production of BHs feasible even at TeV scales. Related to this, we make the following hypothesis followed by a conjecture based purely on dimensional analysis. We require the creation of BHs at the LHC for collision energies of a few TeV’s in the presence of extra dimensions having magnitude R_i, i = 1, 2, ...n. We also assume that the colliding matter from a 4 dimensional point of view, belongs to the class of distributions of subsection III A 3, which are the more realistic ones and, which allow a BH creation only if the energy is above a threshold that typically is of the order of the Planck mass (M_p) or beyond. We then conjecture that creating BHs at lower scales than M_p is possible if the width r_i ≡ 1/k_{Ri} of the matter in the extra directions is much smaller than the size R_i of the compact dimension(s). In other words BHs could be created at the LHC when the matter is sufficiently localized in the extra dimensions such that k_{Ri} R_i ≫ 1 is satisfied. Argument: since the Newton’s constant when n compact dimensions are present, is G_{4+n} = G_4R_1...R_n, then the dimensionless coupling controlling the creation of the BHs should be w ≡ 1 G_{4+n} 1 Ekk_{R1} ...k_{Rn} = M^2_p Ek 1 (k_{R1} R_1)...(k_{Rn} R_n) = M^2_{ef f} Ek , M^2_{ef f} ≡ M^2_p (k_{R1} R_1)...(k_{Rn} R_n)

, G_4 = M^{−2}_p

(21)

where E and k are the total energy and the transverse width from the 4 dimensional point of view while M_{ef f} is an effective Planck mass. Hence, for w ∼ 1 and taking into account that M^2_p /(Ek) ≫ 1, then the R/r_{ki} = k_{Ri} R_i ≫ 1 condition follows. This condition should had been expected. The reason being when this strong inequality is satisfied, the matter is spread along the 3-brane but it is localized (almost like a delta function) in the extra directions. But a delta function distribution belongs to the first class (see subsection III A 1) of distributions, which yield a BH for any small collision energy. Therefore, it seems that the localization of the matter in the extra dimensions, compensates the (realistic) spread in the two (transverse) extended dimensions allowing the possibility in creating BHs at lower scales.

Taking E ∼ 10 TeV and k ∼ 1 GeV equation (21) takes the suggestive form w = M^2_{ef f} M^2_{EW} , M^2_{EW} ≡ Ek ∼ (100 GeV )^2 (22) where M_{EW} is of the order of the electroweak scale. In particular, for n = 2, R_1 = R_2 = R ∼ 0.1 mm as in [96, 97] and demanding w ∼ 1 it is deduced that k_{R1} = k_{R2} = k_R ∼ 10^{18}/mm = 10^{30}/fm∼ 10^{30} GeV and so r_{kR} = 1/k_R ∼ 10^{−30} fm.

It is remarked that such a (small) spread [98–101] in the compact directions not only is allowed, as it does not violate anything fundamental, but is also essential from a quantum uncertainty point of view and thinking about the problem semi-classically. It is experimentally allowed for SM interactions to penetrate the extra dimensions as long as the corresponding penetration length^{26} is much smaller than the resolution of the accelerators .The energy required to resolve such small widths are of the order of the Planck mass or even (as in the example above) way beyond. Hence such a small penetration depth is practically unobservable.

As a candidate distribution, which could model the problem of not creating BHs in the absence of extra dimensions at a given energy but with the possibility of BHs creation in the presence of extra dimensions at that same energy, one could use the distribution ρ = k^2k^2_R exp [ −k^2x^2_⊥ − k^2_RR^2 ( sin^2(θ_1/2) + sin^2(θ_2/2) )] 4π^3 (k^2_RR^2) e^{−k2}R^{R2} I^2_0 (^1_2 k^2_RR^2) . (23)

This distribution, which is normalized to unity and where I_0 is a modified Bessel function, has the following features: (i) It is periodic with respect to the angles θ_1 and θ_2 that parametrize the extra dimensions and it peaks in the vicinity of θ_1 = θ_2 = 2nπ, n ∈ Z where SM resides^{27}. (ii) Ignoring the extra dimensions, it belongs to the class of distributions of III A 3 where two BHs will be created for sufficiently large energy. This can be seen if one integrates out the compact coordinates. Then, the resulting curve is a gaussian and topologically it is what one expects for realistic distributions in the 4 dimensional point of view (it looks like the one of fig.6). This is what happens at large energies. The trapped surface becomes very large and covers the whole compact directions [93] (it becomes a black string) and the distribution effectively becomes 2 dimensional depending only on the transverse coordinate x_⊥. (iii) When the collision energy is sufficiently small, the trapped surface is too small to resolve the finiteness of the extra dimensions (see [93] for a detailed analysis on this). Thus, when the the distribution is expanded (at small angles and small x_⊥), yields a rotationally invariant expression if in addition, k_R = 4k is assumed. Then, the problem in this energy regime can be

26 From a 4 dimensional point view such a characteristic length can be taken as the proton’s radius. In the extra dimensions scenario, the length is the width of the distribution.

27 Modulo a small but unobservable penetration inside the compact directions.

solved exactly and this would provide cross-checks^{28} of a more thorough (numerical) analysis. (iv) Plotting the distribution for fixed x_⊥, it looks very localized; almost like a delta function. In fact, in the limit k_RR → ∞ it becomes a delta function while the denominator of (23) becomes k_RR independent.

This distribution, from a 4 dimensional point of view (so ignoring the angles), creates BHs when Mp^2/(Ek) ∼ 1 is fulfilled. The question is whether the introduction of the extra dimensions could yield BHs even when Mp^2/(Ek) ≫ 1 applies. The problem of solving the underlying trapped surface equations could be attacked numerically and answer quantitatively these questions. However, the intuition we obtained suggests that it is possible to have BHs in the Mp^2/(Ek) ≫ 1 regime as the presence of the extra dimensions could lower M_p down to M_{ef f} ∼ M_{EW} yielding a BH at accessible collision energies. Hence, under the assumptions that extra dimensions do exist and that the matter is dense enough in those directions, implies that LHC is maybe not that safe after all.

Acknowledgments

The author is supported in part by the Belgian Federal Science Policy Office through the Interuniversity Attraction Pole P7/37, and in part by the “FWO-Vlaanderen” through the project G.0114.10N, which he acknowledges. Acknowledge is also granted to the colleagues: V. Balasubramanian, J. de Boer, B. Craps, J.M. Frere, F. Galli, S. Giddings, D. Grumiller, U. Gursoy, G. Horowitz, A. Leibman, M. Lublinsky, S. Mathur, E. Kiritsis, Y. Kovchegov, P. Romatschke, A. Rostworowski, D. Triantafylopoulos and G. Veneziano for valuable discussions. In addition, we thank members of the Niels Bohr Institute and the organizers of “Black Holes and Applied Holography” and especially J. Hartong and N. Obers for their warm hospitality during the final stages of this work.

28 Along with the high energy limit-see (ii) above.

[1] P. C. Aichelburg and R. U. Sexl. On the Gravitational field of a massless particle. Gen. Rel. Grav., 2:303–312, 1971.

[2] P.D. D’Eath. High Speed Black Hole Encounters and Gravitational Radiation. Phys.Rev., D18:990, 1978.

[3] P. D. D’Eath and P. N. Payne. Gravitational radiation in high speed black hole collisions. 1. Perturbation treatment of the axisymmetric speed of light collision. Phys. Rev., D46:658–674, 1992.

[4] P. D. D’Eath and P. N. Payne. Gravitational radiation in high speed black hole collisions. 2. Reduction to two independent variables and calculation of the second order news function. Phys. Rev., D46:675–693, 1992.

[5] P. D. D’Eath and P. N. Payne. Gravitational radiation in high speed black hole collisions. 3. Results and conclusions. Phys. Rev., D46:694–701, 1992.

[6] Flavio S. Coelho, Carlos Herdeiro, and Marco O.P. Sampaio. Radiation from a D-dimensional collision of shock waves: a remarkably simple fit formula. 2012.

[7] Flavio S. Coelho, Carlos Herdeiro, and Marco O.P. Sampaio. Radiation from a D-dimensional collision of shock waves: a remarkably simple fit formula. Phys.Rev.Lett., 108:181102, 2012.

[8] Carlos Herdeiro, Marco O.P. Sampaio, and Carmen Rebelo. Radiation from a D-dimensional collision of shock waves: First order perturbation theory. JHEP, 1107:121, 2011.

[9] D. Amati, M. Ciafaloni, and G. Veneziano. Effective action and all order gravitational eikonal at Planckian energies. Nucl.Phys., B403:707–724, 1993.

[10] Emmanuel Kohlprath and Gabriele Veneziano. Black holes from high-energy beam-beam collisions. JHEP, 0206:057, 2002.

[11] D. Amati, M. Ciafaloni, and G. Veneziano. Towards an S-matrix description of gravitational collapse. JHEP,

0802:049, 2008.

[12] G. Veneziano and J. Wosiek. Exploring an S-matrix for gravitational collapse. II. A Momentum space analysis. JHEP, 0809:024, 2008.

[13] M. Ciafaloni and D. Colferai. S-matrix and Quantum Tunneling in Gravitational Collapse. JHEP, 0811:047, 2008.

[14] Douglas M. Eardley and Steven B. Giddings. Classical black hole production in high-energy collisions. Phys. Rev., D66:044011, 2002.

[15] Konstadinos Sfetsos. On gravitational shock waves in curved space-times. Nucl. Phys., B436:721–746, 1995.

[16] Yiannis Constantinou, Dmitry Gal’tsov, Pavel Spirin, and Theodore N. Tomaras. Scalar Bremsstrahlung in Gravity-Mediated Ultrarelativistic Collisions. JHEP, 1111:118, 2011. 26 pages, 7 figures.

[17] Dmitri V. Gal’tsov, Georgios Kofinas, Pavel Spirin, and Theodore N. Tomaras. Transplanckian bremsstrahlung and black hole production. Phys.Lett., B683:331–334, 2010.

[18] Jonas Mureika, Piero Nicolini, and Euro Spallucci.

Could any black holes be produced at the LHC? Phys.Rev., D85:106007, 2012.

[19] Yuri V. Kovchegov and Shu Lin. Toward Thermalization in Heavy Ion Collisions at Strong Coupling. JHEP, 03:057, 2010.

[20] Shu Lin and Edward Shuryak. Grazing Collisions of Gravitational Shock Waves and Entropy Production in Heavy Ion Collision. Phys. Rev., D79:124015, 2009.

[21] Steven S. Gubser, Silviu S. Pufu, and Amos Yarom.

Entropy production in collisions of gravitational shock waves and of heavy ions. Phys. Rev., D78:066014, 2008.

[22] I.Y. Arefeva, A.A. Bagrov, and E.O. Pozdeeva. Holographic phase diagram of quark-gluon plasma formed in heavy-ions collisions. JHEP, 1205:117, 2012.

[23] Elias Kiritsis and Anastasios Taliotis. Multiplicities from black-hole formation in heavy-ion collisions. 2011.

[24] R. Casadio, O. Micu, and A. Orlandi. Minimum black hole mass from colliding Gaussian packets. Eur.Phys.J., C72:2146, 2012.

[25] Elias Kiritsis and Anastasios Taliotis. Mini-Black-Hole production at RHIC and LHC. 2011. * Temporary entry *. [26] Piero Nicolini. Noncommutative Black Holes, The Final Appeal To Quantum Gravity: A Review. Int.J.Mod.Phys., A24:1229–1308, 2009.

[27] Piero Nicolini and Giorgio Torrieri. The Hawking- Page crossover in noncommutative anti-deSitter space. JHEP, 1108:097, 2011.

[28] Javier L. Albacete, Yuri V. Kovchegov, and Anastasios Taliotis. Modeling Heavy Ion Collisions in AdS/CFT. JHEP, 07:100, 2008.

[29] Javier L. Albacete, Yuri V. Kovchegov, and Anastasios Taliotis. Asymmetric Collision of Two Shock Waves in AdS5. JHEP, 05:060, 2009.

[30] Anastasios Taliotis. Heavy Ion Collisions with Transverse Dynamics from Evolving AdS Geometries. JHEP, 09:102, 2010.

[31] Steven S. Gubser and Indrajit Mitra. Instability of charged black holes in Anti-de Sitter space. 2000.

[32] R.A. Konoplya and A. Zhidenko. Stability of higher dimensional Reissner-Nordstrom-anti-de Sitter black holes. Phys.Rev., D78:104017, 2008.

[33] Andrew Chamblin, Roberto Emparan, Clifford V. Johnson, and Robert C. Myers. Holography, thermodynamics and fluctuations of charged AdS black holes. Phys.Rev., D60:104026, 1999.

[34] Jorma Louko and Stephen N. Winters-Hilt. Hamiltonian thermodynamics of the Reissner-Nordstrom anti-de Sitter black hole. Phys.Rev., D54:2647–2663, 1996.

[35] Juan Martin Maldacena. The large N limit of superconformal field theories and supergravity. Adv. Theor. Math. Phys., 2:231–252, 1998.

[36] Edward Witten. Anti-de sitter space and holography.

Adv. Theor. Math. Phys., 2:253–291, 1998.

[37] S. S. Gubser, Igor R. Klebanov, and Alexander M.

Polyakov. Gauge theory correlators from non-critical string theory. Phys. Lett., B428:105–114, 1998.

[38] Sebastian de Haro, Sergey N. Solodukhin, and Kostas Skenderis. Holographic reconstruction of spacetime and renormalization in the AdS/CFT correspondence. Commun. Math. Phys., 217:595–622, 2001.

[39] Kyungsik Kang and Horatiu Nastase. High energy QCD from Planckian scattering in AdS and the Froissart bound. Phys.Rev., D72:106003, 2005.

[40] Steven B. Giddings. High-energy QCD scattering, the shape of gravity on an IR brane, and the Froissart bound. Phys.Rev., D67:126001, 2003.

[41] Steven S. Gubser, Silviu S. Pufu, and Amos Yarom.

Off-center collisions in AdS5 with applications to multiplicity estimates in heavy-ion collisions. JHEP, 11:050, 2009.

[42] Yuri V. Kovchegov and Anastasios Taliotis. Early time dynamics in heavy ion collisions from AdS/CFT correspondence. Phys. Rev., C76:014905, 2007.

[43] I. Ya. Aref’eva, A. A. Bagrov, and E. A. Guseva. Critical Formation of Trapped Surfaces in the Collision of Non-expanding Gravitational Shock Waves in de Sitter Space- Time. JHEP, 12:009, 2009.

[44] Luis Alvarez-Gaume, Cesar Gomez, Agustin Sabio Vera, Alireza Tavanfar, and Miguel A. Vazquez-Mozo. Critical formation of trapped surfaces in the collision of gravitational shock waves. JHEP, 02:009, 2009.

[45] John Adams et al. Evidence from d + Au measurements for final-state suppression of high p(T) hadrons in Au + Au collisions at RHIC. Phys. Rev. Lett., 91.

[46] Alvaro Duenas-Vidal and Miguel A. Vazquez-Mozo.

Noncentral collisions of Reissner-Nordstróm Shock Gravitational Waves in AdS. 2012.

[47] Tirthabir Biswas, Erik Gerwick, Tomi Koivisto, and Anupam Mazumdar. Towards singularity and ghost free theories of gravity. Phys.Rev.Lett., 108:031101, 2012.

[48] Bin Wu and Paul Romatschke. Shock wave collisions in AdS5: approximate numerical solutions. Int.J.Mod.Phys., C22:1317–1342, 2011.

[49] Roger D. Woods and David S. Saxon. Diffuse Surface Optical Model for Nucleon-Nuclei Scattering. Phys.Rev., 95:577–578, 1954.

[50] Oscar J.C. Dias, Gary T. Horowitz, and Jorge E. Santos. Gravitational Turbulent Instability of Anti-de Sitter Space. Class.Quant.Grav., 29:194002, 2012.

[51] Piotr Bizon and Andrzej Rostworowski. On weakly turbulent instability of anti-de Sitter space. Phys.Rev.Lett., 107:031102, 2011.

[52] Joanna Jalmuzna, Andrzej Rostworowski, and Piotr Bizon. A Comment on AdS collapse of a scalar field in higher dimensions. Phys.Rev., D84:085021, 2011.

[53] Oscar J.C. Dias, Gary T. Horowitz, Don Marolf, and Jorge E. Santos. On the Nonlinear Stability of Asymptotically Anti-de Sitter Solutions. Class.Quant.Grav., 29:235019, 2012.

[54] Javier L. Albacete, Yuri V. Kovchegov, and Anastasios Taliotis. DIS on a Large Nucleus in AdS/CFT. JHEP, 07:074, 2008.

[55] Shu Lin and Edward Shuryak. On the critical condition in gravitational shock wave collision and heavy ion collisions. 2010.

[56] Anastasios Taliotis. DIS from the AdS/CFT correspondence. Nucl. Phys., A830:299c–302c, 2009.

[57] Daniel Grumiller and Paul Romatschke. On the collision of two shock waves in AdS5. JHEP, 08:027, 2008.

[58] Hans Bantilan, Frans Pretorius, and Steven S. Gubser.

Simulation of Asymptotically AdS5 Spacetimes with a Generalized Harmonic Evolution Scheme. 2012.

[59] Michal P. Heller, Romuald A. Janik, and Przemyslaw Witaszczyk. A numerical relativity approach to the initial value problem in asymptotically Anti-de Sitter spacetime for plasma thermalization - an ADM formulation. Phys.Rev., D85:126002, 2012.

[60] Bin Wu. On holographic thermalization and gravitational collapse of massless scalar fields. JHEP, 1210:133, 2012.

[61] I. Ya. Arefeva and I.V. Volovich. On Holographic Thermalization and Dethermalization of Quark-Gluon Plasma. 2012.

[62] Johanna Erdmenger and Shu Lin. Thermalization from gauge/gravity duality: Evolution of singularities in unequal time correlators. JHEP, 1210:028, 2012.

[63] Rudolf Baier, Stefan A. Stricker, Olli Taanila, and Aleksi Vuorinen. Production of Prompt Photons: Holographic Duality and Thermalization. Phys.Rev., D86:081901, 2012.

[64] Damian Galante and Martin Schvellinger. Thermalization with a chemical potential from AdS spaces. JHEP, 1207:096, 2012.

[65] Elena Caceres and Arnab Kundu. Holographic Thermalization with Chemical Potential. JHEP, 1209:055, 2012.

[66] Elena Caceres, Arnab Kundu, Berndt Muller, Diana Vaman, and Di-Lun Yang. Jet Quenching and Holographic Thermalization. 2012.

[67] Kevin Dusling, Johanna Erdmenger, Matthias Kaminski, Felix Rust, Derek Teaney, et al. Quarkonium transport in thermal AdS/CFT. JHEP, 0810:098, 2008.

[68] P. Kovtun, D. T. Son, and A. O. Starinets. Viscosity in strongly interacting quantum field theories from black hole physics. Phys. Rev. Lett., 94:111601, 2005.

[69] G. Policastro, D. T. Son, and A. O. Starinets. The shear viscosity of strongly coupled N = 4 supersymmetric Yang-Mills plasma. Phys. Rev. Lett., 87:081601, 2001.

[70] Alex Buchel, Luis Lehner, and Robert C. Myers. Thermal quenches in N=2* plasmas. JHEP, 1208:049, 2012.

[71] Alex Buchel, Robert C. Myers, and Aninda Sinha. Beyond eta/s = 1/4 pi. JHEP, 0903:084, 2009.

[72] Jorge Casalderrey-Solana, Hong Liu, David Mateos, Krishna Rajagopal, and Urs Achim Wiedemann. Gauge/String Duality, Hot QCD and Heavy Ion Collisions. 2011. * Temporary entry *.

[73] V. Balasubramanian, A. Bernamonti, J. de Boer, N. Copland, B. Craps, et al. Thermalization of Strongly Coupled Field Theories. Phys.Rev.Lett., 106:191601, 2011.

[74] V. Balasubramanian, A. Bernamonti, J. de Boer, N. Copland, B. Craps, et al. Holographic Thermalization. Phys.Rev., D84:026010, 2011.

[75] V. Balasubramanian, A. Bernamonti, N. Copland, B. Craps, and F. Galli. Thermalization of mutual and tripartite information in strongly coupled two dimensional conformal field theories. Phys.Rev., D84:105017, 2011.

[76] Steven S. Gubser. Conformal symmetry and the Balitsky-Kovchegov equation. Phys.Rev., D84:085024, 2011.

[77] Alexander Stoffers and Ismail Zahed. Holographic Pomeron and Entropy. 2012.

[78] Jamal Jalilian-Marian and Yuri V. Kovchegov. Saturation physics and deuteron-Gold collisions at RHIC. Prog.Part.Nucl.Phys., 56:104–231, 2006.

[79] D. N. Triantafyllopoulos. The energy dependence of the saturation momentum from RG improved BFKL evolution. Nucl. Phys., B648:293–316, 2003.

[80] Francois Gelis, Edmond Iancu, Jamal Jalilian-Marian, and Raju Venugopalan. The Color Glass Condensate. Ann.Rev.Nucl.Part.Sci., 60:463–489, 2010.

[81] Eugene Levin and Amir H. Rezaeian. Gluon saturation and energy dependence of hadron multiplicity in pp and AA collisions at the LHC. Phys.Rev., D83:114001, 2011.

[82] E. Gotsman, E. Levin, M. Lublinsky, and U. Maor. Towards a new global QCD analysis: Low x DIS data from non- linear evolution. Eur. Phys. J., C27:411–425, 2003.

[83] Javier L. Albacete and Yuri V. Kovchegov. Solving high energy evolution equation including running coupling corrections. Phys. Rev., D75:125021, 2007.

[84] B.B. Back, M.D. Baker, D.S. Barton, R.R. Betts, M. Ballintijn, et al. The Significance of the fragmentation region in ultrarelativistic heavy ion collisions. Phys.Rev.Lett., 91:052303, 2003.

[85] Alberica Toia for the ALICE Collaboration. Bulk Properties of Pb-Pb collisions at sqrt(sNN) = 2.76 TeV measured by ALICE. 2011.

[86] Yuri V. Kovchegov. Isotropization and thermalization in heavy ion collisions. Nucl. Phys., A774:869–872, 2006.

[87] Yuri V. Kovchegov. Can thermalization in heavy ion collisions be described by QCD diagrams? Nucl. Phys., A762:298–325, 2005.

[88] Michal P. Heller, David Mateos, Wilke van der Schee, and Diego Trancanelli. Strong Coupling Isotropization of Non-Abelian Plasmas Simplified. Phys.Rev.Lett., 108:191601, 2012.

[89] Vijay Balasubramanian and Thomas S. Levi. Beyond the veil: Inner horizon instability and holography. Phys.Rev., D70:106005, 2004.

[90] Peter F. Kolb and Ulrich W. Heinz. Hydrodynamic description of ultrarelativistic heavy-ion collisions. 2003.

[91] P. Huovinen, P. F. Kolb, Ulrich W. Heinz, P. V. Ruuskanen, and S. A. Voloshin. Radial and elliptic flow at RHIC: Further predictions. Phys. Lett., B503:58–64, 2001.

[92] Ekkard Schnedermann, Josef Sollfrank, and Ulrich W.

Heinz. Thermal phenomenology of hadrons from 200- A/GeV S+S collisions. Phys.Rev., C48:2462–2475, 1993.

[93] Anastasios Taliotis. Black Topologies Production in Extra Dimensions. 2012.

[94] Larry D. McLerran and Raju Venugopalan. Computing quark and gluon distribution functions for very large nuclei. Phys. Rev., D49:2233–2241, 1994.

[95] A. H. Mueller and D. N. Triantafyllopoulos. The energy dependence of the saturation momentum. Nucl. Phys., B640:331–350, 2002.

[96] Nima Arkani-Hamed, Savas Dimopoulos, and G.R.

Dvali. The Hierarchy problem and new dimensions at a millimeter. Phys.Lett., B429:263–272, 1998.

[97] Ignatios Antoniadis, Nima Arkani-Hamed, Savas Dimopoulos, and G.R. Dvali. New dimensions at a millimeter to a Fermi and superstrings at a TeV. Phys.Lett., B436:257–263, 1998.

[98] J.M. Frere, G. Moreau, and E. Nezri. Neutrino mass patterns within the seesaw model from multilocalization along extra dimensions. Phys.Rev., D69:033003, 2004.

[99] Nima Arkani-Hamed and Martin Schmaltz. Hierarchies without symmetries from extra dimensions. Phys.Rev., D61:033005, 2000.

[100] Nima Arkani-Hamed, Yuval Grossman, and Martin Schmaltz. Split fermions in extra dimensions and exponentially small cross-sections at future colliders. Phys.Rev., D61:115004, 2000.

[101] Giacomo Cacciapaglia, Csaba Csaki, Jamison Galloway, Guido Marandella, John Terning, et al. A GIM Mechanism from Extra Dimensions. JHEP, 0804:006, 2008.