hep-ph/9904221 v3 6 Apr 1999

NYU-TH/99/3/02 April 6, 1999

Non-conservation of Global Charges in the Brane Universe and Baryogenesis

Gia Dvali^∗, Gregory Gabadadze

Department of Physics, New York University, New York, NY 10003, USA email: dvali, gabadadze@physics.nyu.edu

Abstract

We argue that global charges, such as baryon or lepton number, are not conserved in theories with the Standard Model fields localized on the brane which propagates in higherdimensional space-time. The global-charge non-conservation is due to quantum fluctuations of the brane surface. These fluctuations create “baby branes” that can capture some global charges and carry them away into the bulk of higher-dimensional space. Such processes are exponentially suppressed at low-energies, but can be significant at high enough temperatures or energies. These effects can lead to a new, intrinsically high-dimensional mechanism of baryogenesis. Baryon asymmetry might be produced due either to “evaporation” into the baby branes, or creation of the baryon number excess in collisions of two Brane Universes. As an example we discuss a possible cosmological scenario within the recently proposed “Brane Inflation” framework. Inflation is driven by displaced branes which slowly fall on top of each other. When the branes collide inflation stops and the Brane Universe reheats. During this non-equilibrium collision baryon number can be transported from one brane to another one. This results in the baryon number excess in our Universe which exactly equals to the hidden “baryon number” deficit in the other Brane Universe.

∗Also, International Center for Theoretical Physics, 34100 Trieste, Italy

1. Introduction

The only candidate theory for consistent quantum description of all the interactions in Nature can be formulated in space-time with dimensionality greater than four. One possible scenario, of how our four-dimensional world emerges in this picture, is based on the assumption that all the observed particles are localized on a 3-dimensional brane that propagates in higher-dimensional space-time [1]. The absence of supersymmetry in the observable world can be related to a non-BPS nature of the brane [2]. Within the field theory context the simplest localization mechanism for fermions is due to the index theorem in the solitonic background [3] which was first used in Ref. [1] for a five-dimensional Brane Universe scenario.

As shown in [4], the localization of spin-1 gauge-fields in the field theory context is less straightforward. The mechanism requires the gauge group to be confining away from the brane [4]. This has an important model-independent consequence for the gauge-charge conservation on the brane, which is nothing but gauge flux conservation in the confining medium. The similar argument applied to spin-2 particles within the field theory context shows why localization of gravitons is hard to achieve. Thus, gravitons, unlike other particles must live in the brane as well as in the bulk of extra compactified dimensions.

One of the motivations for the Brane Universe scenario is that it allows to lower the fundamental scale of quantum gravity all the way down to TeV or so, thus, providing a novel view on the Hierarchy problem [5,6]. The observed weakness of gravity at large distances is because gravitational fluxes spread into the N extra dimensions.

The relation between the observed Planck scale, M_P ≃ 10^{19} GeV, and the so-called fundamental Planck scale M is then given by [5]:

M^2_P = M^{N +2}V_N (1)

where V_N ∼ R^N with N ≥ 2, is the volume of extra compactified spatial dimensions. The size of compactified radii in this picture can be in a sub-millimeter range without conflicting with any present astrophysical or laboratory constraints [7].

Perhaps, the best motivated framework for the Brane Universe scenario can be found within superstrings and M theory. In fact, D-branes [8] provide natural candidates for objects on which the observed particles could live. Thus, the Standard Model particles can be identified with massless modes of open strings which are “stuck” to a set of overlapping D-branes. Gravity, on the other hand, is given by the closed string sector of the theory. It was shown in Refs. [6,9] that the TeV scale quantum gravity models can be embedded in superstring theories (this approach was named “Brane World” in Ref. [10])^†. Various phenomenological aspects of these models are studied in the literature (for an incomplete list of references see, e.g., [13–17]).

In the present work we argue that global charges are not conserved in the Brane Universe. The non-conservation of global charges is due to quantum fluctuations of the brane on which

†The idea to lower the the Planck scale to the unification scale originates in [11]; An attempt to lower the string scale to the electroweak scale was discussed in Ref. [12].

the Standard Model lives. These fluctuations can produce baby branes which can capture global charges and carry them away from the brane. At high enough temperatures or energies comparable with the brane tension the process of baby brane creation becomes significant. This leads to the global-charge transport from our brane. The corresponding process will look as non-conservation of global charges for a four-dimensional observer living on the brane^‡. These non-conservation mechanisms are significant in the cosmological context and can lead to new sources of baryogenesis. We discuss a possible cosmological scenario based on recently proposed Brane Inflation mechanism [21]. This scenario results in the baryon number access in our four-dimensional Brane Universe.

The terminology we adopt in this work is as follows. The three-dimensional brane on which we live will be referred as the mother brane. The (3 + 1)-dimensional Universe accommodated on the mother brane will be called the Brane Universe. The Brane Universe is able to communicate gravitationally and/or via some other bulk fields with other Brane Universes which also propagate in the original higher-dimensional (presumably ten or elevendimensional) space-time. This feature is going to be decisive for what we discuss below. In section 2 we discuss a number of mechanisms of non-conservation of global charges in the Brane Universe. We show (subsection 2.1) that at high enough temperatures, or in scatterings at energies of order TeV or so, the Brane Universe could produce baby branes which would carry the Standard Model global quantum numbers off the Brane Universe. For an observer living in the Brane Universe these processes will look as non-conservation of global quantum numbers, such as non-conservation of baryonic or leptonic charges. In subsection 2.2 a field-theoretic scenario of the global charge non-conservation in the hot Brane Universe is proposed. The Brane Universe, at some finite temperature produces confining bubbles with net global charges and liberates them into the bulk of higher-dimensional space. This scenario is complimentary to the one discussed in subsection 2.1. In section 3 we discuss applicability of these mechanisms to the baryon asymmetry problem. We argue that within the cosmological scenario proposed in [21] these non-conservation processes should lead to the baryon asymmetry in the Brane Universe. Discussions and conclusions are presented in section 4.

2. Non-conservation of Global Charges in the Brane Universe

In this section we propose mechanisms for non-conservation of global charges in the Brane Universe. The objective is to demonstrate that there are intrinsically high-dimensional phenomena which lead to baryon and lepton number non-conservation on our brane.

2.1. Baby Branes and Non-conservation of Global Charges

Let us start with the case when our (3 + 1)-dimensional Brane Universe is embedded in higher dimensional space-time. We will think of the brane as being a dynamical object with the tension σ ∼ M^4. This brane can fluctuate. The fluctuations are stronger at high temperature. In fact, there is a probability for the Brane Universe to wiggle strongly and create a baby brane (see Fig. 1). At high enough temperature the baby brane will be able

‡These processes somewhat resemble the loss of quantum coherence in quantum gravity [18–20].

to pull off the mother brane and propagate into the bulk of higher-dimensional space. This probability is non-vanishing if the temperature of the Brane Universe is nonzero (the same process could also be seen at high enough energies). The rate of this process is exponentially suppressed and can be estimated as [22]: Γ Volume

∝ exp ( − E_b T ) , (2)

where E_b stands for the surface energy of the baby brane, which can be determined via its surface area A and tension σ, E_b = Aσ. T stands for temperature of the Brane Universe. Thus, for high temperatures of order TeV or so, creation of baby branes should be an appreciable effect, while it should drop off rapidly as the brane cools down.

Once the baby brane is formed, it can capture some particles which happen to be nearby and carry them away from the mother brane. What will happen if the captured particles carry a net global charge, let us say baryon or lepton number? To clarify the issue, let us consider the case when the captured state is a gauge singlet combination of u_R, d_R and d_R quarks (it might be any other combination of the Standard Model states which carries a nonzero baryon or lepton number but has strictly zero gauge charge). For a four-dimensional observer living on our brane this process will look as follows:

u_R + d_R + d_R → NOTHING, (3)

where ”NOTHING” stands for the baby brane which got separated from the mother brane and carries away the corresponding global charge. Since this object can gravitate, it will look for a four-dimensional observer as a piece of dark or hidden matter. Thus, the baby brane will carry its own baryon number B_{baby}. The value of B_{baby} will exactly equal to the baryonic charge that is lost on the mother brane. If there are no bulk particles which can carry well defined baryon number, an observer on the mother brane will not be able to measure B_{baby}. Thus, the process will look as disappearance of baryonic charge ΔB on the mother brane and appearance of the same charge B_{baby} = −ΔB on the baby brane^§.

Let us try to understand this effect from the point of view of the effective four-dimensional field theory which is seen at distances larger than the size of extra dimensions. Let Ψ_M be a wave-function describing a state of some group of particles on our brane which carries a net baryonic charge. Likewise, we can define Ψ_B to be a wave-function of a set of particles on the baby brane. Both Ψ_M and Ψ_B are sharply localized functions in the bulk. The overlap between them is exponentially suppressed as the separation of the branes, r, in extra dimensions increases. Baryon number conservation in the theory is a result of the symmetry under the global phase rotations Ψ_M → e^{iQM α}Ψ_M , and Ψ_B → e^{iQB β}Ψ_B, where Q_M and Q_B denote the charges for the corresponding wave-functions. When the branes are separated the wave-functions Ψ_M and Ψ_B get decoupled.

§If there are some bulk particles that can carry baryon number, the issue becomes more subtle. In this case B_{baby} can be measured via the exchange of these bulk modes. If these modes are heavy the induced effective interaction between the baryons localized on different branes will be exponentially suppressed by the Yukawa factor exp(�rm)/r^{N −2}. In this section we will assume that there are no such particles in the bulk.

FIGURES

FIG. 1. Creation of baby branes

As a result, there are two independent U(1) symmetries available: U(1)_M and U(1)_B. However, when branes are close to each other, the functions Ψ_M and Ψ_B overlap. As a result, there is only one unbroken combination of U(1)_M and U(1)_B, call it U(1)_{baryon}, which is defining baryon number of the whole system of the overlapping branes. In terms of the effective field theory language, the effective low-energy Lagrangian contains U(1)_M ⊗ U(1)_B violating term whose strength depends on the distance between the branes. This term drops exponentially fast as the separation between the branes increases:

(Ψ̄_M )^{QB} (Ψ_B)^{QM} e^{−rM} . (4)

What is important here is that the interaction should necessarily respect the U(1)_{baryon} symmetry. As we mentioned above, for small r branes are interacting. Thus, there is only one baryon charge. This charge can be exchanged among the states of Ψ_M and Ψ_B. Suppose ΔQ denotes the amount of charge which is being transferred from the one set to another one. Once the branes are separated (r → ∞) the overlap term disappears. Thus, there are two separately conserved charges corresponding to U(1)_M and U(1)_B respectively. However, only the charge Q_M will be seen in the mother brane and, thus, interpreted as the baryon number of our brane. Summarizing, the charge transport from Ψ_M to Ψ_B will look as disappearance of the ΔQ amount of the baryon charge on our brane and as appearance of exactly the same amount of the baryon charge on the baby brane.

Evidently, in each individual process ΔQ can take either sign and, if the system is in equilibrium, the net baryonic charge left on the brane will average to zero. However, it might be possible to generate a net baryon asymmetry on the mother brane if the system was out of equilibrium for some time during its evolution (it also requires C and CP violation [26], see discussions below). In section 3 we address this issue and propose possible scenarios of how the baryon asymmetry could be generated in the Brane Universe.

Before we turn to the next section, let us discuss the fate of local charges in the Brane Universe. Seemingly, the same non-conservation process might be happening with the gauge charges, such as electric charge for instance. However, this cannot be true [4,5]. Indeed, consider the case when the local charge is attached to the strongly fluctuating region of the mother brane which is about to be pulled off (Fig.2). The local charge, due to the corresponding flux conservation, would necessarily create a flux tube originating at the location of this charge and ending on the mother brane (see Fig. 2). At high enough energies, or temperatures likewise, the flux tube can break apart and the baby brane will eventually be liberated into the bulk of higher-dimensional space. However, the liberated baby brane will necessarily be neutral with respect to the local charge under consideration. Indeed, the process of breaking of the flux tube goes through creation of a charge-anti-charge pair in the tube. Once this pair is created, the anti-charge will get attracted by the original charge siting on the baby brane. Thus, the flux tube will break apart in such a way that the anti-charge from the pair will be attached to the baby brane and the charge of the pair will be attached to the mother brane. Hence, the final configuration of the liberated baby brane will be electrically neutral and the local charge will be conserved on the mother brane. Another way of saying this is to recall that all the Standard Model gauge interactions should be in a confining phase in the bulk space-time [4].

FIG. 2. Flux tube holding the baby brane with a local charge

Summarizing the discussions in this section we conclude that the process of baby brane creation should lead to non-conservation of global charges (such as baryon or lepton number) in the Brane Universe. Moreover, this process will necessarily respect all the local charge conservation laws.

2.2. Bulk “Glueballs” and “Hadrons”

It is important to emphasize that the existence of generic bulk particles, which may carry baryon number, cannot lead to the baryonic charge non-conservation in the four-dimensional effective field theory. The reason why this was possible for the baby branes is that branes are sharply localized coherent states, wave packets in some sense. Because of this property the baryonic charge localized on such an object is impossible to probe from a distant brane, and, thus, is effectively lost. On the other hand, the wave-functions of the generic bulk particles, such as Kaluza-Klein gravitons for instance, are spread over the whole bulk and their baryonic charge can constantly be measured from our brane at any energies.

Another examples of such sharply localized objects can be bulk “glueballs” or “hadrons”. These are the states that appear in the bulk due to the particular mechanism of localization of the gauge fields on the brane. As it was shown in [4], the field theory mechanism for localization of the massless gauge-fields on the brane implies that corresponding gauge group is in a confining phase in the bulk. Thus, a pair of test charges places in the bulk should be connected by a flux tube with the tension proportional to Λ^2, where Λ is a scale of the confining theory in the bulk. The inverse confinement scale, Λ^{−1}, sets the localization width for the observed gauge fields. For phenomenological reasons Λ should be greater than TeV.

Notice, that the gauge group in the bulk can be bigger than the Standard Model group. A photon, in this case, if being emitted into the bulk, becomes a gauge boson of the bigger confining theory. Thus, the photon can only escape the mother brane in the form of a heavy bound state, a sort of bulk “glueball”. The similar consideration applies to fermion states. If the gauge group in the bulk were not confining, these fermions would have escaped the mother brane at energies bigger than the localization width. However, since the bulk is confining, such states can only escape within the corresponding “colorless” composite objects, bulk “Hadons”. Since the bulk “Hadrons” might carry off some net global charges, they can also lead to non-conservation of the global charges on the brane^{∗∗}.

2.3. Confining Bubbles and Non-conservation of Global Charges

In this section we study a field-theoretic model of non-conservation of global charges which is based on confining properties of the bulk gauge group. As we mentioned before, the group is restored and confining outside of the brane [4]. For instance, the electroweak gauge group SU(2)_L which is broken in our brane, should be restored (or be a part of a bigger unbroken group) and confining outside of the brane (see Fig. 3). The same applies to color SU(3)_c and hypercharge U(1)_Y symmetries. SU(3)_c should either be a subgroup of bigger confining bulk gauge group, or be the same bulk gauge group with the confinement scale greater than TeV. Likewise, U(1)_Y should be a part of a bigger group that is confining in the bulk. For simplicity of arguments we will be assuming that the gauge group within the brane is broken SU(2)_L and outside of the brane it is confining SU(2)_L (the generalization to the other groups and interactions is straightforward). Let us suppose that within the Brane Universe the confining phase which is realized outside of the mother brane is seen as a local false vacuum state. Then, in our four-dimensional world there is a finite probability to create a bubble ( a sort of “hole”) with a confining phase inside. If some “colorless” states with nonzero global charges are captured inside the bubble, they will be able to “leak” into the bulk. These effects are complimentary (but more model-dependent) to those discussed in the previous subsections. Let us study the bubble creation processes more carefully.

The probability to create a bubble per unit volume per unit time in our world with the

∗∗In all the discussions above and in subsection 2.3 we assume for simplicity that the localization width for fermions approximately equals to Λ.

confinement phase inside of the bubble is given by [23]: P Volume

∝ exp ( − a σ^4 (F (T ) − E)^3 ) , when Λ̄^4 > F (T ) > E. (5)

Here, F (T ) denotes the free energy of the system as a function of temperature of the mother brane T , Λ̄^4 denotes the depth of the scalar potential of the broken SU(2) theory, E is the difference between the energy densities of the confining and the Higgs phases, and a stands for some positive constant of order 10-100. As T is close to Λ ∼ few TeV this probability becomes significant. The theory inside of the bubble is in a confinement phase. Thus, bound states of particles which might form within the bubble are to be SU(2) singlets^{††}. These singlet states will be able to propagate out of the Brane Universe. The most dramatic signature of this propagation is that they will be able to carry global quantum numbers off our Brane Universe. For instance, consider a single left-handed neutrino. This particle transforms in the fundamental dublet of SU(2)_L. Thus, it carries a “weak color” charge and cannot escape the brane. However, in accordance with ’t Hooft’s correspondence principle [24], the neutrino of the theory with a broken SU(2)_L can be thought of as a “weak colorless” state, or as a bound state of confining SU(2)_L. Indeed, in the confinement picture, the lefthanded neutrino can be presented as follows [24]:

ν_L in Higgs phase <=> H̄^iL_i in Confinement phase . (6)

Here, H stands for the Standard Model Higgs dublet, H^T_i = (ϕ^+, ϕ^0) and L stands for the left-handed dublet of a neutrino and electron, L^T_i = (ν_L, e_L). It is straightforward to see that the “weak colorless” bound state H̄^iL_i reduces to an ordinary left-handed neutrino once the Higgs field is given a non-zero vacuum expectation value (VEV). Indeed, in the unitary gauge H^T =^{1√}_2 ( v + h, 0 ) , where v denotes the Higgs VEV and h stands for Higgs fluctuations about this VEV. Substituting this expression into the right hand side of Eq. (6) one finds, H̄^iL_i → v ν_L/ √ 2 + .... Thus, the r.h.s. of Eq. (6) can indeed be thought of as a “weak colorless” state of confining SU(2)_L; moreover, this state corresponds to the left-handed neutrino of the Standard Model.

Once the bubble is formed, the “weak colorless” state H̄^iL_i can appear in the confining phase inside of the bubble. This state, as we established above, carries leptonic charge. There is nothing that keeps this “weak colorless state” within the hot Brane Universe. Thus, it will be able to escape out into the higher-dimensional space. This process would seem as a leptonic charge non-conserving phenomenon to a four-dimensional observer living in the Brane Universe (see Fig. 3). The same applies to all the other standard model particles. Each of them can be thought of as “weak colorless” bound states [24]. Some of them are listed below:

e_L in Higgs phase <=> ε_{ij}H^iL^j in Confinement phase ;

†† If all the Standard Model interactions are considered, these states are supposed to be “color singlets” with respect to the whole Standard Model gauge group or w.r.t. the corresponding GUT, if the unification is assumed.

u_L in Higgs phase <=> H̄^iQ_i in Confinement phase ; d_L in Higgs phase <=> ε_{ij} H^iQ^j in Confinement phase ; Z^0 in Higgs phase <=> H̄D_μH in Confinement phase . (7)

FIG. 3. Production of confining bubbles

Here, Q denotes the left-handed up and down quark dublet. Some combinations of these states, such as (here we suppress all the Lorentz indexes and gamma matrices) ε_{abc} H̄^iQ^a_i d^b_Rd^c_R, ε_{abc}u^a_Rd^b_Rd^c_R, (8) will be created as “Standard Model colorless” excitations inside of those bubbles and, as a result, they will escape our brane at high enough temperatures or energies. Evidently, they will be able to carry the corresponding global charges, such as lepton or baryon number, away from the mother brane. This will make a four-dimensional observer think that the global quantum numbers are not conserved at high temperatures or energies in the Brane Universe. In the next section we discuss how these processes might lead to the baryon asymmetry in the Brane Universe.

3. Baryon Asymmetry in the Brane Universe

In this section we argue that the baryon number non-conservation mechanisms discussed above might lead to a new approach to baryogenesis in the Brane Universe. We discuss two possible mechanisms. The first one is based on the fact that C and CP asymmetric branes can treat baryons and antibaryons differently. As a result, the rate to capture a baryon on a baby brane differs from that for an antibaryon. Thus, net baryon charge accumulation is possible if the system is out of equilibrium. This scenario is discussed in subsection 3.1. The second scenario is based on production of the baryon number excess in a collision of two different Brane Universes after inflation. This scenario emerges naturally within the recently-proposed “Brane Inflation” framework [21]. The corresponding discussions are given in subsection 3.2^{‡‡}.

3.1. Baryon Asymmetry on the Asymmetric Brane

As we discussed above, the baby branes and/or confining bubbles will carry some baryonic charge off our brane. The very same processes will be happening with antibaryons which will be taken away from the brane by the same mechanism. If the theory at hand does not distinguish between baryons and antibaryons, then the net charge carried away from our brane will average to zero. However, there is a possibility that the brane actually do distinguish between baryons and antibaryons if C and CP are broken. In particular, if the rate to capture a baryon on a baby brane differs from the corresponding rate for antibaryons, then the accumulation of the net baryonic charge on our brane will be possible in non-equilibrium processes [26].

Let us consider a toy model which demonstrates how this asymmetry can arise. Consider a scalar field χ which forms a four-dimensional “brane” embedded in five-dimensional spacetime. Let us say the profile of this soliton is given by the familiar “kink” solution:

χ = v tanh(mx_5), (9)

where m^{−1} defines the thickness of the brane and v stands for the VEV of the corresponding quantum field. Consider two five-dimensional fermions coupled to χ:

L_{int} = χ (g_1ψ̄_1ψ_1 + g_2ψ̄_2ψ_2) + m_0 ψ^T_1 C^{(5)}ψ_2 + other terms , (10)

where m_0 stands for some mass parameter and C^{(5)} denotes the charge conjugation matrix in five-dimensional space-time, C^{(5)} ≡ C γ_5. This theory has the symmetry: ψ_1 → exp(iα)ψ_1, ψ_2 → exp(−iα)ψ_2. We identify this symmetry group with U(1)_{baryon}, thus ψ_1 and ψ_2 carry opposite baryonic charges. It is well known that each of these fermions give rise (in the massless limit) to a single chiral zero-modes localized on the brane:

ψ(x) ≡ ψ^0_1(x) exp ( − ∫ x_5 0 g_1χ(z)dz ) , ψ_c(x) ≡ ψ^0_2(x) exp ( − ∫ x_5 0 g_2χ(z)dz ) . (11)

From the point of view of the brane worldvolume field theory these chiral fermions can be identified with the worldvolume baryon ψ and antibaryon ψ_c (in Weyl notations)^{§§}. In the low-energy theory the “charge conjugation” symmetry ψ → ψ_c is broken since g_1 ≠ g_2. This results in difference between the localization widths for ψ and ψ_c which are given by

‡‡Some more conventional scenarios of baryogenesis in theories with low M_P were discussed in [25]. These, however, are not related to the present work.

§§ Switching on small mass m_0 << g_{1,2} v does not change the qualitative picture.

Δ ∝ 1/g_1 and Δ̄ ∝ 1/g_2 respectively. For instance, the width for (left handed) baryon can be made smaller than that for antibaryon (g_1 > g_2). Then, at energies Δ^{−1} < E < Δ̄^{−1} the antibaryon ψ_c can be “stripped off” the brane, while the baryon ψ would still be localized. This toy example explicitly shows how the brane can be “C-asymmetric”. For generating net baryon charge, however, CP breaking is also required. Assuming that this is the case, (i.e. there are some explicitly CP-non-invariant terms in (10)), we expect that the probability for baryons to be captured by a baby brane is different than that for antibaryons (though, this process is more difficult to quantify). As a result, the baby branes will be able to remove from our world more antibaryons than baryons. Thus, the worldvolume observer will eventually see the net baryon asymmetry provided that “evaporation” into the baby branes is an out-of-equilibrium process. Such a out-of-equilibrium condition may emerge for instance from the reheating due to collisions of two Brane Universes.

Note that in this toy model there are bulk states which carry baryon number. They are Kaluza-Klein states of the original fermions ψ_1 and ψ_2. These states can mediate baryon number exchange between different branes. However, they are heavy, and the corresponding interactions are exponentially suppressed by the brane separation (see related discussions in [27,28])^{∗∗∗}. Moreover, in realistic models due to the bulk confinement (which we have ignored in this toy example) these heavy states can only propagate within the bulk “colorless Hadrons”.

Finally, we would like to discuss the issue of the overclosure of the Universe by baby branes in such a scenario^{†††}. In order to generate the net baryon asymmetry on our brane, not all the baby branes should return to it. If they stay in the bulk, they will look as a sort of dark matter with TeV mass. If we assume roughly one unit of baryon number captured per baby brane, their number density would be so large that they would overclose the Universe. However, there are several ways to avoid this problem. The most straightforward is to notice that the baby branes need not stay in the bulk, but rather can be “discharged” on some other distant brane (like ours, or even larger dimensionality). In such a case the energy density of baby branes will be converted into the distant brane tension and will be absorbed into the effective over-all cosmological term

Λ_{eff} = ∑ i σ_i + Λ_{bulk}V_N , (12)

where Λ_{bulk} is the bulk cosmological constant and the summation is over all branes. The probability that the baby brane encounters a bigger brane and gets discharged there needs further quantification within more realistic models.

3.2. Brane Inflation and Baryon Asymmetry

In this subsection we discuss the mechanism of baryogenesis which naturally arises within the Brane Inflation framework [21]. According to the general Brane Universe scenario, we

∗∗∗In particular, based on the similar effect, N. Arkani-Hamed and M. Schmaltz [28] proposed the mechanism for the proton decay suppression.

†††We are grateful to V. Rubakov for rising this issue.

live on a brane or a set of overlapping branes. The later possibility is supported by D-brane constructions in which the existence of a non-Abelian gauge group requires a number of parallel D-branes sitting on top of each other^{‡‡‡}.

Before supersymmetry is broken branes are BPS states with zero net force between them. This is certainly true for two (or more) parallel D-branes, where the gravitational and dilaton attraction is exactly canceling with the repulsion mediated by Ramond-Ramond fields [31]. Similar examples can be constructed for field-theoretic branes, topological solitons [32]^{§§§}. However, in the real world supersymmetry must be broken and dilaton should be stabilized. Thus, we expect a non-zero net force between branes. The general expression for a potential between two such parallel branes embedded in N > 2 transverse dimensions at large distances (r >> M^{−1}) takes the following form:

V (r) = M^4 ( d + b_je^{−rmj} − 1 (M r)^{N −2} ) . (13)

The constant term d comes from the short-range brane-brane interaction. In fact, it accounts for interactions between particles localized on different branes, whose wave-functions only can overlap if branes intersect. The potential is normalized as V (∞) = 2σ, σ being the brane tension. Yukawa potentials in (13) come from the exchange of heavy bulk modes with masses m_j, and the power law interaction comes from the bulk gravitational attraction. If the D-brane picture is adopted, then m_j’s should be understood as masses of dilaton and Ramond-Ramond fields. Regardless of what is the actual realization of branes, be it the D-brane picture or field theory soliton context, the potential in (13) describes adequately interactions between those objects. The model-dependent quantities are parameterized by coefficients d, b_j and m_j. These parameters determine the minimal separation r_{vac} at which the branes are stabilized in the lowest-energy state. If r_{vac} < M^{−1}, the separation between the branes is smaller than the typical size at which the branes could fluctuate. Thus, the branes effectively sit on top of each other. As a result, the particles localized on these two branes are effectively shared by both of them. Below we will concentrate on the following alternative possibility. Let us assume that r_{vac} >> M^{−1}. In this case particles localized on two different branes have no overlap. Thus, they belong to either of branes, but are not shared among them. These two worlds can communicate to each other by exchanging bulk fields. If these interaction preserve global charges, B and L charges are conserved separately on each branes.

Let us see how this picture is affected by the dynamics of the brane inflation [21]. Once the branes are separated by a distance r >> r_{vac}, the nonzero potential energy between the branes gives rise to the four-dimensional effective cosmological constant that drives inflation [21]. This constant can be defined as follows:

Λ_{eff} = V (r) + Λ_{bulk}V_N , (14)

‡‡‡Cosmological scenarios within Horava-Witten type theories [29] were recently discussed in Ref. [30].

§§§For a reviews on supergravity solitons see, e.g., [33], [34].

where Λ_{bulk} is the bulk cosmological constant and V_N is the volume of the extra compactified space. Nearly zero value of the cosmological constant that is observed today implies that

Λ_{vac} = V (r_{vac}) + Λ_{bulk}V_N ≃ 0. (15)

Thus, according to Eqs. (13,14), the four-dimensional vacuum cosmological constant will be nonzero for any r ≠ r_{vac}. This potential energy will drive inflation, the exponential growth of the three non-compact dimensions^†. The next crucial thing is to note that for r >> r_{vac} the potential (13) is a very flat function of r. As a result, the branes fall very slowly on each other. Thus, during this process the Universe is dominated by the potential energy which in fact triggers inflation in non-compact dimensions. We should also emphasis that the compact dimensions will not inflate since the effective Hubble size is never smaller than the size of the compact dimensions [21]. From the point of view of an effective four-dimensional theory this process is equivalent to slow rolling of a scalar field, an inflaton

Φ = rM^2. (16)

This field, according to (13) has a very flat potential. The quantity ⟨Φ⟩ = r_{vac}M^2 is just the vacuum expectation value of the inflaton today.

The end of inflation is determined by the value of Φ which breaks either of the standard slow-roll conditions V^′M_P /V < 1, V^{′′}M^2_P /V < 1 (see [21] for details). The epoch in which we are interested in starts right at this point of the evolution. We will argue below that after the branes collide and reheat each other, the net baryonic charge can be induced on our brane.

One possible scenario emerges when the branes get stabilized after the collision at some large distance r_{vac} >> M^{−1}. This is going to be the case if the branes repeal at short distances. For instance, this condition can be realized within the D-brane construction if dilaton becomes heavier than the corresponding Ramond-Ramond field m_D ∼ M >> m_{RR}. As a consequence, when r << m^{−1}_{RR} the Ramond-Ramond repulsion takes over and branes get stabilized at r_{vac} ∼ m^{−1}_{RR}^∗.

Let us follow this scenario more closer. The potential energy of the Universe during inflation can be estimated as follows:

Λ_{eff}(r >> r_{vac}) ∼ M^4

( m_{RR} M )_{2−}N . (17)

This amount of energy will transform into the energy of colliding branes after inflation. Let the wave-function of a set of particles localized on our brane be ψ_{our}(x_μ), likewise, the wave

† The size of the extra dimensions will not be affected by this growth provided that the mass of the radius modulus is at least mm^{−1} [21]. Some possibilities of primordial KK inflation with change of R were studied in [35].

∗The value of m^{−1}_{RR} can control the reheating temperature after “Brane Inflation” [36], this clarifies the issue of reheating temperature discussed by T. Banks, M. Dine and A. Nelson (see the reference in [15]).

function of a set of some different particles living on the other brane be ψ_{other}(y_μ). There is a U(1)_{our} baryon number symmetry on our brane

ψ_{our}(x_μ) → e^{iQourα}ψ_{our}(x_μ). (18)

Likewise, there is a similar U(1)_{other} symmetry on the other brane

ψ_{other}(x_μ) → e^{iQotherβ}ψ_{other}(x_μ). (19)

When branes are separated, these are two different symmetries. In the effective fourdimensional theory, this simply means that the interactions that break U(1)_{our} ⊗ U(1)_{other} are suppressed as follows:

(ψ^∗_{our})^{Qother} e^{−rM} (ψ_{other})^{Qour} . (20)

However, once the branes come on top of each other, the suppression goes away. As a result, we are left with the only one conserved charge Q = Q_{other} + Q_{our}.

During inflation particles are inflated away on both branes and the expectation values of the operators Q_{other} and Q_{our} vanish. When the branes collide part of their energy is spent on creation of particles, baby branes and/or bubbles (see Fig. 4). Since the total charge Q is conserved, the net charge produced on the both branes should be zero. However, during the non-equilibrium collision process the branes overlap. Thus, Q_{other} and Q_{our} will not be separately conserved, and it might happen that in some reactions ΔQ_{our} = −ΔQ_{other} ≠ 0. Thus, the net global charges will be left on each branes. In addition to this effect, some charge will be carried away by the baby branes and/or the confining bubbles as discussed in the previous sections. We can briefly summarize the process described above as follows: The branes, while colliding, spend a very little time on top of each other. After that, they just “bounce back” and start to oscillate about the equilibrium point r_{vac}. If C and CP symmetries are broken during the brane collisions, the couplings (20) allow “charges” to be “exchanged” among ψ_{our} and ψ_{other} during the short time moment of the collision. Thus, it might happen that one charge is produced in inflaton decays in excess and the other one in deficit (see the example below). Once the collision happened, these couplings switchoff almost instantly, and as a result, the values of nonzero charge asymmetries ΔQ_{our} = −ΔQ_{other} ≠ 0 freeze-out. This, in particular, happens since the couplings (20) vanish almost instantly and the charges become separately conserved on two different branes.

The qualitative discussions given above can be made more precise by considering a simplified toy model. Consider two types of fermions, let us call them B_j and D_A. B_j’s are localized on our brane and carry baryon number (U(1)_B). D_A’s, on the other hand, are localized on a distant brane and carry the corresponding global charge (U(1)_D). Given the exponential suppression of the overlap of their wave-functions, a part of the effective four-dimensional Lagrangian for these fermions can be written as follows:

L_{int} = c_{ij}(Φ) B^c_i B_j + c_{AB}(Φ) D^c_AD_B + λ_{iA}(ϕ) e^{− ΦM} D^c_AB_i + λ̄_{iA} e^{− ΦM} B^c_i D_A +c_{ijkm}(Φ) B^c_i B_jB^c_kB_m + c_{ABCD}(Φ) D^c_AD_BD^c_C D_D + other interactions + h.c.. (21)

Here, Φ ≡ M^2r denotes a brane-separation modulus field, the inflaton, and c’s and λ’s are some polynomial functions of Φ in which C and CP violations are encoded. B^c_i and D^c_A stand for charge conjugated fields. Note that interactions of Φ with the fields on the same brane need not be exponentially suppressed. In some cases, these interactions arise after integrating out the bulk modes (e.g. open string modes stretched between two branes) which acquire masses due to the VEV of Φ and have direct couplings to the light modes on each brane. On the other hand, all the overlapping terms which break U(1)_B ⊗ U(1)_D symmetry explicitly must be exponentially suppressed (since, by the assumption, there are no light bulk modes with these charges).

Thus, when branes are well separated Φ >> M, the overlap terms are suppressed and the Lagrangian has two independent U(1)-symmetries. One of them acts on B’s and can be regarded as baryon number symmetry in our brane. When branes come closer, however, the overlap terms do not vanish. As a result, we are left with one common fermion-number Abelian symmetry group U(1)_F . This last conserves the “total charge” of the branes Q ≡ Q_B + Q_D. Let us now turn to the particles which are being created in the inflaton decay. This decay, as we just mentioned, conserves the total charge Q. However, the individual charges, Q_B and Q_D are not conserved. Therefore, the rate for baryon number creation (e.g. in two-body decays)

Φ → B_i + D^c_A, Φ → B^{c∗}_i + D^∗_A , (22)

and, likewise, the rate for antibaryon number creation, are different. Thus, although Q is conserved in the inflaton decays, individually Q_B and Q_D will not be conserved if both C and CP are broken.

Note that there might exist an additional source of physical CP violation due to “time interface” which can arise as a result of the time-dependent VEV of Φ and different dimensional operators present in the c and λ functions. These contributions are clearly very model-dependent and we will not attempt to quantify them here. An important outcome, however, is that in general, the rate to produce baryons in the inflaton decays differs from the same rate for antibaryons if C and CP are broken. Therefore, the nonzero value of ΔQ_B = −ΔQ_D will be produced. When the branes bounce back after the collision, the inflaton VEV sharply increases. Thus, the U(1)_B violating terms in (21) switch off and the baryon generation process stops before the system equilibrates. As a result, the accumulated net baryonic charge ΔQ_B freezes-out. Thus, our brane will be carrying the net baryon number after the system comes to equilibrium.

4. Discussions and Conclusions

Summarizing, we have shown that the processes with non-conservation of global charges, such as baryon and lepton number, will be taking place in the Brane Universe. A number of different scenarios of non-conservation of the global charges were proposed. The basic idea is that the global charges can be carried away from the Brane Universe by baby branes and/or confining bubbles. These mechanisms do not depend on a particular model of interactions realized on the brane. Thus, they are model-independent and inherent for the Brane Universe scenario.

We have also presented two independent scenarios of baryogenesis in the Brane Universe. These approaches are based upon properties of higher-dimensional space-time, as well as on non-equilibrium nature of evolutionary processes taking place in the Brane Universe.

Highly non-equilibrium and violent nature of these processes, be it scatterings of various branes of different dimensionality or strong quantum fluctuations of hot branes, makes it complicated to perform precise analytical studies. Hopefully, these mechanisms can be tested quantitatively in numerical simulations of various toy and/or realistic models.

Acknowledgments

The authors are grateful to Nima Arkani-Hamed, Savas Dimopoulos, Glennys Farrar and especially Valery Rubakov for valuable discussions and comments. The work of GG was supported in part by the grant NSF PHY-94-23002.

FIG. 4. Colliding branes produce baby branes

REFERENCES

[1] V.A. Rubakov, M. E. Shaposhnikov, “Do We Live Inside a Domain Wall?”, Phys. Lett.

B125 (1983) 136.

[2] G. Dvali, M. Shifman, “Dynamical Compactification as a Mechanism for Spontaneous Supersymmetry Breaking”, Nucl. Phys. B504 (1996) 127; hep-th/9611213.

[3] R. Jackiw, C. Rebbi, “Solitons with Fermion Number 1/2”, Phys. Rev D13 (1976) 3398; E. Weinberg, “Index Calculations for the Fermion-Vortex System”, Phys. Rev D24 (1981) 2669.

[4] G. Dvali, M. Shifman, “Domain Walls in Strongly Coupled Theories”, Phys. Lett. B396 (1997) 64; hep-th/9612128.

[5] N. Arkani-Hamed, S. Dimopoulos, D. Dvali, “ The Hierarchy Problem and New Dimensions at a Millimeter”, Phys. Lett. B429 (1998) 263; hep-ph/ 9803315.

[6] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos, G. Dvali, “New Dimensions at a Millimeter to a Fermi and Superstrings at a TeV” Phys. Lett. B436 (1998) 257; hepph/9804398 [7] N. Arkani-Hamed, S. Dimopoulos, D. Dvali, “Phenomenology, Astrophysics and Cosmology of Theories with Submillimeter Dimensions and TeV Scale Quantum Gravity”, hep-ph/9807344; Phys. Rev. D59 (1999) 086004.

[8] J. Dai, R.G. Leigh, J. Polchinski, “New Connections Between String Theories”, Mod.

Phys. Lett. A4 (1989) 2073;

as a review, see, e.g., J. Polchinski, “TASI Lectures on D-branes”, hep-th/9611050. [9] G. Shiu, S.-H. H. Tye, “TeV Scale Superstrings and Extra Dimensions”, Phys. Rev. D (1998) 106007; hep-th/9805157; I. Antoniadis and C. Bachas, “Branes and the Gauge Hierarchy”, hep-th/9812093; I. Antoniadis, B. Pioline, “Low Scale Closed Strings and Their Duals”, hep-th/9902055.

[10] Z. Kakushadze, S.-H.H. Tye, “ Brane World”, hep-th/9809147.

[11] E. Witten, “Strong Coupling Expansion of Calabi-Yau Compactification”, Nucl. Phys.

B471 (1996) 135; hep-th/9602070.

[12] J. Lykken, “Weak Scale Superstrings”, Phys. Rev. D54 (1996)3693; hep-th/9603133. [13] G. Giudice, R. Rattazzi, J. Welles, “ Quantum Gravity and Extra Dimensions at High Energy Colliders”, hep-ph/9811291; T. Han, J. Lykken, R. Zhang, “On Kaluza-Klein States from Large Extra Dimensions”, hep-ph/ 9811350.

[14] G. Mirabelli, M. Perelstein, M. Peskin, “Collider Signatures of New Large Space Dimensions”, hep-ph/9811337.

[15] P.C. Argyres, S. Dimopoulos, J. March-Russell, “Black Holes and Submillimeter Dimensions”, Phys. Lett. B 441 (1998) 96; hep-th/9808138; R. Sundrum, “Effective Field Theory for a Three-Brane Universe”, Phys. Rev. D (1999) 085009; hep-ph/9805471; A. Pomarol, M. Quiros, “ The Standard Model from Extra Dimensions”, Phys. Lett. B438 (1998) 255; N. Arkani-Hamed, S. Dimopoulos, “Stabilization of Submillimeter Dimensions: The New Guise of the Hierarchy Problem”, hep-th/9809124; M. Maggiore, A. Riotto, “D-brane Cosmology”, hep-th/9811089; S. Nussinov, R. Shrock, “Some Remarks on Theories with Large Compact Dimensions and TeV Scale Quantum Gravity”, Phys. Rev D59 (1999) 105002; hep-ph/9811323; Z. Berezhiani, G. Dvali, “Flavor Violation in Theories with TeV Scale Quantum Gravity”, hep-ph/9811378; J.L. Hewett, “Indirect Collider Signals for Extra Dimensions”, hep-ph/9811356; N. Arkani-Hamed,

S. Dimopoulos, G. Dvali and J. March-Russell, “Neutrino Masses from Large Extra Dimensions”, Talk Given by S.D. at SUSY-98, hep-ph/9811448; K. R. Dienes, E. Dudas, T. Gherghetta, “Light Neutrinos without Heavy Mass Scales: A Higher-Dimensional Seesaw Mechanism”, hep-ph/9811428; P. Mathews, S. Raychaudhuri and K. Sridhar, “Large Extra Dimensions and Deep Inelastic Scattering at HERA”, hep-ph/9812486; T.G. Rizzo, “More and More Indirect Signals from Extra Dimensions and More and More Colliders, hep-ph/9901209; A.E. Farragi, M. Pospelov, “ Phenomenological Issues in TeV Scale Gravity with Light Neutrino Mass”, hep-ph/ 9901299; A. Donini, S. Rigolin, “Anisotropic Type I String Compactification, Winding Modes and Large Extra Dimensions”, hep-th/9901443; Z. Kakushadze, “Flavor “Conservation” and Hierarchy in TeV Scale Supersymmetric Standard Model”, hep-th/9902080; K. Agashe, N.G. Deshpande, “Limits on Low Scale Gravity from e^+e^− → W^+W^−, ZZ and Gamma Gamma”, hep-ph/9902263; M. Masip, A. Pomarol, “Effects of SM Kaluza-Klein Excitations on Electroweak Observables”, hep-ph/9902467; T. Banks, M. Dine, A.E. Nelson, “Constraints on Theories With Large Extra Dimensions”, hep-th/9903019; K. Cheung, W- Y. Keung, “Direct Signals of Low Scale Gravity at E^+E^− Colliders”, hep-ph/9903294; S. Cullen, M. Perelstein, “SN1987A Constraints on Large Compact Dimensions”, hepph/9903422; T.G. Rizzo, “Using Scalars to Probe Theories of Low Scale Quantum Gravity” hep-ph/9903475; A.B. Kobakhidze, “The Top Quark Mass in the Minimal Top Condensation Model with Extra Dimensions”, hep-ph/9904203; G. Dvali, A.Yu. Smirnov, “Probing Large Extra Dimensions with Neutrinos”, hep-ph/9904211;

[16] K.R. Dienes, E. Dudas, A. Ghergetta, “Grand Unification and Intermediate Mass Scales Through Extra Dimensions”, Nucl. Phys. B537 (1999) 47; hep-ph/9806292; “TeV Scale GUTs”, hep-ph/9807522;

Z. Kakushadze, “TeV Scale Supersymmetric Standard Model and Brane World”, hepth/9812163; P.H. Frampton, A. Rasin, “Unification with Enlarged Kaluza-Klein Dimensions”, hep-ph/9903479.

[17] G. Dvali, M. Shifman, “Tilting the Brane, or Some Cosmological Consequences of the Brane Universe”, Preprint, TPI-MINN-99/03-T; UMN-TH-1739/99; NYU- TH/99/3/03; hep-th/9904021.

[18] G.V. Lavrelashvili, V.A. Rubakov, P.G. Tinyakov, “Disruption of Quantum Coherence upon a Change in Spatial Topology in Quantum Gravity”, JETP Lett.46 (1987) 167; “Particle Creation and Destruction of Quantum Coherence by Topological Change”, Nucl. Phys. B299 (1988) 757.

[19] S.W. Hawking, “Quantum Coherence Down the Wormhole”, Phys. Lett. 195B (1987) 337.

[20] S. Giddings, A. Strominger, “Axion Induced Topology Change in Quantum Gravity and String Theory”, Nucl. Phys. B306 (1988) 890; “Loss of Incoherence and Determination of Coupling Constants in Quantum Gravity”, Nucl. Phys. B307 (1988) 854; S. Coleman, “Black Holes as Red Herrings: Topological Fluctuations and the Loss of Quantum Coherence”, Nucl. Phys. B307 (1988) 867.

[21] G. Dvali and S.-H.H. Tye, “Brane Inflation”, hep-ph/9812483.

[22] A.D. Linde, “Fate of the False Vacuum at Finite Temperature: Theory and Applications”, Phys. Lett. 100B (1981) 37; “Decay of the False Vacuum at Finite Temperature”, Nucl. Phys. B216 (1983) 421; Erratum-ibid. B223 (1983) 544.

[23] M. B. Voloshin, I. Yu. Kobzarev, L. B. Okun’, “Bubbles in Metastable Vacuum”, Yad.

Fiz. 20 (1974) 1229 (Sov. J. Nucl. Phys. 20 (1975) 644);

S. Coleman, “The Fate of the False Vacuum. 1. Semiclassical Theory”, Phys. Rev D15 (1977) 2929; Erratum-ibid. D16 (1977) 1248.

[24] G. ’t Hooft, in “Recent Developments in Gauge Theories”, Cargese 1979, ed. G. ’t Hooft et al., Plenum Press, New York, 1980, p.117; see also G. ’t Hooft, “Topological Aspects of Quantum Chromodynamics”, hep-th/9812204.

[25] K. Benakli, S. Davidson. “Baryogenesis in Models with a Low Quantum Gravity Scale”, hep-ph/9810280.

[26] A.D. Sakharov, “Violation of CP Invariance, C Asymmetry, and Baryon Asymmetry of the Universe”, JETP Lett. 5 (1967) 24.

[27] N. Arkani-Hamed, S. Dimopoulos, “New Origin for Approximate Symmetries from Distant Breaking in Extra Dimensions”, hep-ph/9811353.

[28] N. Arkani-Hamed, M. Schmaltz, “Hierarchies without Symmetries from Extra Dimensions”, hep-ph/9903417.

[29] P. Horava, E. Witten, “Eleven-Dimensional Supergravity on a Manifold with Boundary”, Nucl. Phys. B475 (1996) 94; hep-th/9603142.

[30] A. Lukas, B.A. Ovrut, D. Waldram, “Cosmological Solutions of Horava-Witten Theory”, hep-th/9806022; “Boundary Inflation”, hep-th/9902071.

[31] J. Polchinski, “Dirichlet Branes and Ramond-Ramond Charges”, Phys. Rev. Lett. 75 (1995) 4724; hep-th/9510017.

[32] M. Shifman, M.B. Voloshin, “Degenerate Domain Wall Solutions in Supersymmetric Theories”, Phys. Rev. D 57 (1998) 2590; hep-th/9709137.

[33] M. Cvetic, H.H. Soleng, “Supergravity Domain Walls”, Phys. Rept. 282 (1997) 159;

hep-th/9604090.

[34] M. Duff, “Supermembranes”, hep-th/9611203.

[35] N. Kaloper, A. Linde, “Inflation and Large Internal Dimensions”, hep-th/9811141; A.

Mazumdar, “Extra Dimensions and Inflation”, hep-ph/9902381; N. Arkani-Hamed, S. Dimopoulos, N. Kaloper, J. March-Russell, “Rapid Asymmetric Inflation and Early Cosmology in Theories with Submillimeter Dimensions”, hep-ph/9903224; “Early Inflation and Cosmology in the Theories with Submillimeter Dimensions”, hep-ph/9903239.

[36] N. Arkani-Hamed, S. Dimopoulos, G. Dvali, work in progress; G. Dvali, work in progress.