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EVAPORATING GLOBAL CHARGESIN BRANEWORLDGia DvaliDepartment of Physi
s, New York UniversityNew York, NY 10003, USAand Gregory GabadadzeTheoreti
al Physi
s Institute, University of MinnesotaMinneapolis, MN 55455, USA(Re
eived July 8, 2002)Dedi
ated to Stefan Pokorski on his 60th birthdayIn braneworld models the global 
harges, su
h as baryon or lepton num-ber, are not 
onserved. The global-
harge non-
onservation is a rathermodel-independent feature whi
h arises due to quantum �u
tuations ofthe brane worldvolume. These �u
tuations 
reate �baby branes� that 
an
apture some global 
harges and 
arry them away into the bulk of higher-dimensional spa
e. Su
h pro
esses are exponentially suppressed at low-energies, but 
an be signi�
ant at high enough temperatures or energies.These e�e
ts 
an lead to a new, intrinsi
ally high-dimensional me
hanismof baryogenesis. Baryon asymmetry might be produ
ed due either to evap-oration into the baby branes, or 
reation of the baryon number ex
ess in
ollisions of two Brane Universes.PACS numbers: 11.27.+d, 11.30.�j1. Introdu
tionThe presently available theory of quantum gravity 
an be formulated inspa
e-time with dimensionality greater than four. One possible s
enario,of how our four-dimensional world emerges in this pi
ture, is based onthe assumption that all the Standard Model parti
les are lo
alized on a3-dimensional brane [1℄. The absen
e of supersymmetry in the observableworld 
ould be related to a non-BPS nature of the brane [2℄. Within the �eldtheory 
ontext the simplest lo
alization me
hanism for fermions is due to(2419)



2420 G. Dvali, G. Gabadadzethe index theorem in the solitoni
 ba
kground [3℄. As shown in [4℄, the lo
al-ization of spin-1 gauge-�elds in the �eld theory 
ontext is also possible but ismore 
ompli
ated. The me
hanism requires the gauge group to be 
on�ningaway from the brane [4℄. This has an important model-independent 
onse-quen
e for the gauge-
harge 
onservation on the brane, whi
h is nothing butgauge �ux 
onservation in the 
on�ning medium.One of the motivations for the Brane Universe s
enario is that it allows tolower the fundamental s
ale of quantum gravity all the way down to TeV orso, thus, providing a novel view on the Hierar
hy problem [5,6℄. The observedweakness of gravity at large distan
es is be
ause gravitational �uxes spreadinto the N extra dimensions. The relation between the observed Plan
ks
ale, MP ' 1019 GeV, and the so-
alled fundamental Plan
k s
ale M isthen given by [5℄: M2P =MN+2VN ; (1)where VN � RN with N � 2, is the volume of extra 
ompa
ti�ed spa-tial dimensions. The size of 
ompa
ti�ed radii in this pi
ture 
an be in asub-millimeter range without 
on�i
ting with any present astrophysi
al orlaboratory 
onstraints [7℄.Below we argue that global 
harges are not 
onserved in the Brane Uni-verse. The non-
onservation of global 
harges is due to quantum �u
tua-tions of the brane on whi
h the Standard Model lives. These �u
tuations
an produ
e baby branes whi
h 
an 
apture global 
harges and 
arry themaway from the brane. At high enough temperatures or energies 
ompa-rable with the brane tension the pro
ess of baby brane 
reation be
omessigni�
ant. This leads to the global-
harge transport from our brane. The
orresponding pro
ess will look as non-
onservation of global 
harges fora four-dimensional observer living on the brane1. These non-
onservationme
hanisms are signi�
ant in the 
osmologi
al 
ontext and 
an lead to newsour
es of baryogenesis. We dis
uss a possible 
osmologi
al s
enario basedon the Brane In�ation me
hanism [11℄. This s
enario results in the baryonnumber a

ess in our four-dimensional Brane Universe.2. Non-
onservation of global 
harges in the Brane UniverseIn this se
tion we dis
uss the me
hanisms for non-
onservation of global
harges in the Brane Universe. The obje
tive is to demonstrate that there areintrinsi
ally high-dimensional phenomena whi
h lead to baryon and leptonnumber non-
onservation on our brane.Let us start with the 
ase when our (3 + 1)-dimensional Brane Universeis embedded in higher dimensional spa
e-time. We will think of the brane1 These pro
esses somewhat resemble the loss of quantum 
oheren
e in quantum gravity[8�10℄.



Evaporating Global Charges in Braneworld 2421as being a dynami
al obje
t with the tension � � M4. This brane 
an�u
tuate. The �u
tuations are stronger at high temperature. In fa
t, thereis a probability for the Brane Universe to wiggle strongly and 
reate a babybrane. At high enough temperature the baby brane will be able to pull o�the mother brane and propagate into the bulk of higher-dimensional spa
e.This probability is non-vanishing if the temperature of the Brane Universeis nonzero (the same pro
ess 
ould also be seen at high enough energies).The rate of this pro
ess is exponentially suppressed and 
an be estimatedas [12℄: �Volume / exp�� EbT � ; (2)where Eb stands for the surfa
e energy of the baby brane, whi
h 
an bedetermined via its surfa
e area A and tension �, Eb = A�. T stands fortemperature of the Brane Universe. Thus, for high temperatures of orderTeV or so, 
reation of baby branes should be an appre
iable e�e
t, while itshould drop o� rapidly as the brane 
ools down.On
e the baby brane is formed, it 
an 
apture some parti
les whi
hhappen to be nearby and 
arry them away from the mother brane. Whatwill happen if the 
aptured parti
les 
arry a net global 
harge, let us saybaryon or lepton number? To 
larify the issue, let us 
onsider the 
ase whenthe 
aptured state is a gauge singlet 
ombination of uR; dR and dR quarks (itmight be any other 
ombination of the Standard Model states whi
h 
arriesa non-zero baryon or lepton number but has stri
tly zero gauge 
harge).For a four-dimensional observer living on our brane this pro
ess will look asfollows: uR + dR + dR ! NOTHING; (3)where �NOTHING� stands for the baby brane whi
h got separated from themother brane and 
arries away the 
orresponding global 
harge. Sin
e thisobje
t 
an gravitate, it will look for a four-dimensional observer as a pie
eof dark or hidden matter. Thus, the baby brane will 
arry its own baryonnumber Bbaby. The value of Bbaby will exa
tly equal to the baryoni
 
hargethat is lost on the mother brane. If there are no bulk parti
les whi
h 
an
arry well de�ned baryon number, an observer on the mother brane will notbe able to measure Bbaby. Thus, the pro
ess will look as disappearan
e ofbaryoni
 
harge �B on the mother brane and appearan
e of the same 
hargeBbaby = ��B on the baby brane.Let us try to understand this e�e
t from the point of view of the e�e
tivefour-dimensional �eld theory whi
h is seen at distan
es larger than the sizeof extra dimensions. Let 	M be a wave-fun
tion des
ribing a state of somegroup of parti
les on our brane whi
h 
arries a net baryoni
 
harge. Likewise,we 
an de�ne 	B to be a wave-fun
tion of a set of parti
les on the baby



2422 G. Dvali, G. Gabadadzebrane. Both 	M and 	B are sharply lo
alized fun
tions in the bulk. Theoverlap between them is exponentially suppressed as the separation of thebranes, r, in extra dimensions in
reases. Baryon number 
onservation in thetheory is a result of the symmetry under the global phase rotations 	M !eiQM�	M , and 	B ! eiQB�	B , where QM and QB denote the 
harges forthe 
orresponding wave-fun
tions. When the branes are separated the wave-fun
tions 	M and 	B get de
oupled. As a result, there are two independentU(1) symmetries available: U(1)M and U(1)B . However, when branes are
lose to ea
h other, the fun
tions 	M and 	B overlap. As a result, thereis only one unbroken 
ombination of U(1)M and U(1)B , 
all it U(1)baryon,whi
h is de�ning baryon number of the whole system of the overlappingbranes. In terms of the e�e
tive �eld theory language, the e�e
tive low-energy Lagrangian 
ontains U(1)M 
 U(1)B violating term whose strengthdepends on the distan
e between the branes. This term drops exponentiallyfast as the separation between the branes in
reases:( �	M )QB (	B)QM e�rM : (4)What is important here is that the intera
tion should ne
essarily respe
tthe U(1)baryon symmetry. As we mentioned above, for small r branes areintera
ting. Thus, there is only one baryon 
harge. This 
harge 
an beex
hanged among the states of 	M and 	B. Suppose�Q denotes the amountof 
harge whi
h is being transferred from the one set to another one. On
ethe branes are separated (r !1) the overlap term disappears. Thus, thereare two separately 
onserved 
harges 
orresponding to U(1)M and U(1)Brespe
tively. However, only the 
harge QM will be seen in the mother braneand, thus, interpreted as the baryon number of our brane. Summarizing,the 
harge transport from 	M to 	B will look as disappearan
e of the �Qamount of the baryon 
harge on our brane and as appearan
e of exa
tly thesame amount of the baryon 
harge on the baby brane.Evidently, in ea
h individual pro
ess �Q 
an take either sign and, ifthe system is in equilibrium, the net baryoni
 
harge left on the brane willaverage to zero. However, it might be possible to generate a net baryonasymmetry on the mother brane if the system was out of equilibrium forsome time during its evolution (it also requires C and CP violation [13℄,see dis
ussions below). Below we address this issue and propose possibles
enarios of how the baryon asymmetry 
ould be generated in the BraneUniverse. Before that let us dis
uss the fate of lo
al 
harges in the BraneUniverse. Seemingly, the same non-
onservation pro
ess might be happeningwith the gauge 
harges, su
h as ele
tri
 
harge for instan
e. However, this
annot be true [4, 5℄. Indeed, 
onsider the 
ase when the lo
al 
harge isatta
hed to the strongly �u
tuating region of the mother brane whi
h isabout to be pulled o�. The lo
al 
harge, due to the 
orresponding �ux
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onservation, would ne
essarily 
reate a �ux tube originating at the lo
ationof this 
harge and ending on the mother brane. At high enough energies, ortemperatures likewise, the �ux tube 
an break apart and the baby brane willeventually be liberated into the bulk of higher-dimensional spa
e. However,the liberated baby brane will ne
essarily be neutral with respe
t to the lo
al
harge under 
onsideration. Indeed, the pro
ess of breaking of the �ux tubegoes through 
reation of a 
harge-anti-
harge pair in the tube. On
e thispair is 
reated, the anti-
harge will get attra
ted by the original 
harge sitingon the baby brane. Thus, the �ux tube will break apart in su
h a way thatthe anti-
harge from the pair will be atta
hed to the baby brane and the
harge of the pair will be atta
hed to the mother brane. Hen
e, the �nal
on�guration of the liberated baby brane will be ele
tri
ally neutral and thelo
al 
harge will be 
onserved on the mother brane. Another way of sayingthis is to re
all that all the Standard Model gauge intera
tions should be ina 
on�ning phase in the bulk spa
e-time [4℄.Summarizing, we 
on
lude that the pro
ess of baby brane 
reation shouldlead to non-
onservation of global 
harges (su
h as baryon or lepton number)in the Brane Universe. Moreover, this pro
ess will ne
essarily respe
t all thelo
al 
harge 
onservation laws.Other examples of su
h sharply lo
alized obje
ts 
an be bulk �glueballs�or �hadrons�. These are the states that appear in the bulk due to the par-ti
ular me
hanism of lo
alization of the gauge �elds on the brane. As itwas shown in [4℄, the �eld theory me
hanism for lo
alization of the masslessgauge-�elds on the brane implies that 
orresponding gauge group is in a
on�ning phase in the bulk. Thus, a pair of test 
harges pla
es in the bulkshould be 
onne
ted by a �ux tube with the tension proportional to �2,where � is a s
ale of the 
on�ning theory in the bulk. The inverse 
on�ne-ment s
ale, ��1, sets the lo
alization width for the observed gauge �elds.For phenomenologi
al reasons � should be greater than TeV.Noti
e, that the gauge group in the bulk 
an be bigger than the Stan-dard Model group. A photon, in this 
ase, if being emitted into the bulk,be
omes a gauge boson of the bigger 
on�ning theory. Thus, the photon
an only es
ape the mother brane in the form of a heavy bound state, a sortof bulk �glueball�. The similar 
onsideration applies to fermion states. Ifthe gauge group in the bulk were not 
on�ning, these fermions would havees
aped the mother brane at energies bigger than the lo
alization width.However, sin
e the bulk is 
on�ning, su
h states 
an only es
ape within the
orresponding �
olorless� 
omposite obje
ts, bulk �Hadrons�. Sin
e the bulk�Hadrons� might 
arry o� some net global 
harges, they 
an also lead tonon-
onservation of the global 
harges on the brane.Below we study a �eld-theoreti
 model of non-
onservation of global
harges whi
h is based on 
on�ning properties of the bulk gauge group.



2424 G. Dvali, G. GabadadzeAs we mentioned before, the group is restored and 
on�ning outside of thebrane [4℄. For instan
e, the weak gauge group SU(2)L whi
h is broken inour brane, should be restored (or be a part of a bigger unbroken group) and
on�ning outside of the brane. The same applies to 
olor SU(3)
 and hy-per
harge U(1)Y symmetries. SU(3)
 should either be a subgroup of bigger
on�ning bulk gauge group, or be the same bulk gauge group with the 
on-�nement s
ale greater than TeV. Likewise, U(1)Y should be a part of a biggergroup that is 
on�ning in the bulk. For simpli
ity of arguments we will be as-suming that the gauge group within the brane is broken SU(2)L and outsideof the brane it is 
on�ning SU(2)L (the generalization to the other groupsand intera
tions is straightforward). Let us suppose that within the BraneUniverse the 
on�ning phase whi
h is realized outside of the mother braneis seen as a lo
al false va
uum state. Then, in our four-dimensional worldthere is a �nite probability to 
reate a bubble ( a sort of �hole�) with a 
on-�ning phase inside. If some �
olorless� states with nonzero global 
harges are
aptured inside the bubble, they will be able to �leak� into the bulk. Thesee�e
ts are 
omplimentary (but more model-dependent) to those dis
ussed inthe previous subse
tions. Let us study the bubble 
reation pro
esses more
arefully.The probability to 
reate a bubble per unit volume per unit time in ourworld with the 
on�nement phase inside of the bubble is given by [14℄:PVolume / exp�� a �4(F (T )� E)3� ; when ��4 > F (T ) > E : (5)Here, F (T ) denotes the free energy of the system as a fun
tion of tempera-ture of the mother brane T , ��4 denotes the depth of the s
alar potential ofthe broken SU(2) theory, E is the di�eren
e between the energy densities ofthe 
on�ning and the Higgs phases, and a stands for some positive 
onstantof order 10-100. As T is 
lose to � � few TeV this probability be
omessigni�
ant. The theory inside of the bubble is in a 
on�nement phase. Thus,bound states of parti
les whi
h might form within the bubble are to be SU(2)singlets2. These singlet states will be able to propagate out of the BraneUniverse. The most dramati
 signature of this propagation is that they willbe able to 
arry global quantum numbers o� our Brane Universe. For in-stan
e, 
onsider a single left-handed neutrino. This parti
le transforms inthe fundamental dublet of SU(2)L. Thus, it 
arries a �weak 
olor� 
hargeand 
annot es
ape the brane. However, in a

ordan
e with 't Hooft's 
orre-sponden
e prin
iple [15℄, the neutrino of the theory with a broken SU(2)L2 If all the Standard Model intera
tions are 
onsidered, these states are supposed tobe �
olor singlets� with respe
t to the whole Standard Model gauge group or w.r.t.the 
orresponding GUT, if the uni�
ation is assumed.
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an be thought of as a �weak 
olorless� state, or as a bound state of 
on�ningSU(2)L. Indeed, in the 
on�nement pi
ture, the left-handed neutrino 
an bepresented as follows [15℄:�L in Higgs phase h=i �HiLi in 
on�nement phase : (6)Here, H stands for the Standard Model Higgs dublet, HTi = (�+; �0) and Lstands for the left-handed dublet of a neutrino and ele
tron, LTi = (�L; eL).It is straightforward to see that the �weak 
olorless� bound state �HiLi re-du
es to an ordinary left-handed neutrino on
e the Higgs �eld is given anon-zero va
uum expe
tation value (VEV). Indeed, in the unitary gaugeHT = 1p2�v + h; 0�, where v denotes the Higgs VEV and h stands forHiggs �u
tuations about this VEV. Substituting this expression into theright hand side of Eq. (6) one �nds, �HiLi ! v �L=p2 + :::. Thus, the r.h.s.of Eq. (6) 
an indeed be thought of as a �weak 
olorless� state of 
on�ningSU(2)L; moreover, this state 
orresponds to the left-handed neutrino of theStandard Model.On
e the bubble is formed, the �weak 
olorless� state �HiLi 
an appear inthe 
on�ning phase inside of the bubble. This state, as we established above,
arries leptoni
 
harge. There is nothing that keeps this �weak 
olorlessstate� within the hot Brane Universe. Thus, it will be able to es
ape out intothe higher-dimensional spa
e. This pro
ess would seem as a leptoni
 
hargenon-
onserving phenomenon to a four-dimensional observer living in theBrane Universe. The same applies to all the other standard model parti
les.Ea
h of them 
an be thought of as �weak 
olorless� bound states [15℄. Someof them are listed below:eL in Higgs phase h=i "ijHiLj in 
on�nement phase ;uL in Higgs phase h=i �HiQi in 
on�nement phase ;dL in Higgs phase h=i "ijHiQj in 
on�nement phase ;Z0 in Higgs phase h=i �HD�H in 
on�nement phase : (7)Here, Q denotes the left-handed up and down quark dublet. Some 
ombina-tions of these states, su
h as (here we suppress all the Lorentz indexes andgamma matri
es) "ab
 �HiQai dbRd
R; "ab
uaRdbRd
R; (8)will be 
reated as �Standard Model 
olorless� ex
itations inside of those bub-bles and, as a result, they will es
ape our brane at high enough temperaturesor energies. Evidently, they will be able to 
arry the 
orresponding global



2426 G. Dvali, G. Gabadadze
harges, su
h as lepton or baryon number, away from the mother brane.This will make a four-dimensional observer think that the global quantumnumbers are not 
onserved at high temperatures or energies in the BraneUniverse. In the next se
tion we dis
uss how these pro
esses might lead tothe baryon asymmetry in the Brane Universe.3. Baryon asymmetry in the Brane UniverseIn this se
tion we argue that the baryon number non-
onservation me
h-anisms dis
ussed above might lead to a new approa
h to baryogenesis inthe Brane Universe. We dis
uss two possible me
hanisms. The �rst one isbased on the fa
t that C and CP asymmetri
 branes 
an treat baryons andantibaryons di�erently. As a result, the rate to 
apture a baryon on a babybrane di�ers from that for an antibaryon. Thus, net baryon 
harge a

umu-lation is possible if the system is out of equilibrium. The se
ond s
enariois based on produ
tion of the baryon number ex
ess in a 
ollision of twodi�erent Brane Universes after in�ation. This s
enario emerges naturallywithin the re
ently-proposed �Brane In�ation� framework [11℄.As we dis
ussed above, the baby branes and/or 
on�ning bubbles will
arry some baryoni
 
harge o� our brane. The very same pro
esses will behappening with antibaryons whi
h will be taken away from the brane bythe same me
hanism. If the theory at hand does not distinguish betweenbaryons and antibaryons, then the net 
harge 
arried away from our branewill average to zero. However, there is a possibility that the brane a
tuallydo distinguish between baryons and antibaryons if C and CP are broken.In parti
ular, if the rate to 
apture a baryon on a baby brane di�ers fromthe 
orresponding rate for antibaryons, then the a

umulation of the netbaryoni
 
harge on our brane will be possible in non-equilibrium pro
esses[13℄.Let us 
onsider a toy model whi
h demonstrates how this asymmetry 
anarise. Consider a s
alar �eld � whi
h forms a four-dimensional �brane� em-bedded in �ve-dimensional spa
e-time. Let us say the pro�le of this solitonis given by the familiar �kink� solution:� = v tanh(mx5); (9)where m�1 de�nes the thi
kness of the brane and v stands for the VEV ofthe 
orresponding quantum �eld. Consider two �ve-dimensional fermions
oupled to �:Lint = � (g1 � 1 1 + g2 � 2 2) +m0  T1 C(5) 2 + other terms ; (10)where m0 stands for some mass parameter and C(5) denotes the 
harge
onjugation matrix in �ve-dimensional spa
e-time, C(5) � C 
5. This theory



Evaporating Global Charges in Braneworld 2427has the symmetry:  1 ! exp(i�) 1,  2 ! exp(�i�) 2. We identify thissymmetry group with U(1)baryon, thus  1 and  2 
arry opposite baryoni

harges. It is well known that ea
h of these fermions give rise (in the masslesslimit) to a single 
hiral zero-modes lo
alized on the brane: (x) �  01(x) exp�� x5Z0 g1�(z)dz�; 
(x) �  02(x) exp�� x5Z0 g2�(z)dz�: (11)From the point of view of the brane worldvolume �eld theory these 
hiralfermions 
an be identi�ed with the worldvolume baryon  and antibaryon 
 (in Weyl notations)3. In the low-energy theory the �
harge 
onjugation�symmetry  !  
 is broken sin
e g1 6= g2. This results in di�eren
e betweenthe lo
alization widths for  and  
 whi
h are given by � / 1=g1 and�� / 1=g2 respe
tively. For instan
e, the width for (left handed) baryon
an be made smaller than that for antibaryon (g1 > g2). Then, at energies��1 < E < ���1 the antibaryon  
 
an be �stripped o�� the brane, whilethe baryon  would still be lo
alized. This toy example expli
itly showshow the brane 
an be �C-asymmetri
�. For generating net baryon 
harge,however, CP breaking is also required. Assuming that this is the 
ase, (i.e.there are some expli
itly CP-non-invariant terms in (10)), we expe
t thatthe probability for baryons to be 
aptured by a baby brane is di�erent thanthat for antibaryons (though, this pro
ess is more di�
ult to quantify).As a result, the baby branes will be able to remove from our world moreantibaryons than baryons. Thus, the worldvolume observer will eventuallysee the net baryon asymmetry provided that �evaporation� into the babybranes is an out-of-equilibrium pro
ess. Su
h a out-of-equilibrium 
onditionmay emerge for instan
e from the reheating due to 
ollisions of two BraneUniverses.Note that in this toy model there are bulk states whi
h 
arry baryonnumber. They are Kaluza�Klein states of the original fermions  1 and  2.These states 
an mediate baryon number ex
hange between di�erent branes.However, they are heavy, and the 
orresponding intera
tions are exponen-tially suppressed by the brane separation. Moreover, in realisti
 models dueto the bulk 
on�nement (whi
h we have ignored in this toy example) theseheavy states 
an only propagate within the bulk �
olorless Hadrons�.Finally, we would like to dis
uss the issue of the over-
losure of theUniverse by baby branes in su
h a s
enario. In order to generate the net3 Swit
hing on small mass m0 � g1;2 v does not 
hange the qualitative pi
ture.



2428 G. Dvali, G. Gabadadzebaryon asymmetry on our brane, not all the baby branes should return toit. If they stay in the bulk, they will look as a sort of dark matter with TeVmass. If we assume roughly one unit of baryon number 
aptured per babybrane, their number density would be so large that they would over-
losethe Universe. However, there are several ways to avoid this problem. Themost straightforward is to noti
e that the baby branes need not stay in thebulk, but rather 
an be �dis
harged� on some other distant brane (like ours,or even larger dimensionality). In su
h a 
ase the energy density of babybranes will be 
onverted into the distant brane tension and will be absorbedinto the e�e
tive over-all 
osmologi
al term�e� =Xi �i + �bulkVN ; (12)where �bulk is the bulk 
osmologi
al 
onstant and the summation is overall branes. The probability that the baby brane en
ounters a bigger braneand gets dis
harged there needs further quanti�
ation within more realisti
models.In this subse
tion we dis
uss the me
hanism of baryogenesis whi
h nat-urally arises within the Brane In�ation framework [11℄. A

ording to thegeneral Brane Universe s
enario, we live on a brane or a set of overlap-ping branes. The later possibility is supported by D-brane 
onstru
tionsin whi
h the existen
e of a non-Abelian gauge group requires a number ofparallel D-branes sitting on top of ea
h other.Before supersymmetry is broken branes are BPS states with zero netfor
e between them. This is 
ertainly true for two (or more) parallel D-branes, where the gravitational and dilaton attra
tion is exa
tly 
an
elingwith the repulsion mediated by Ramond�Ramond �elds [16℄. Similar exam-ples 
an be 
onstru
ted for �eld-theoreti
 branes, topologi
al solitons [17℄.However, in the real world supersymmetry must be broken and dilatonshould be stabilized. Thus, we expe
t a non-zero net for
e between branes.The general expression for a potential between two su
h parallel branes em-bedded in N > 2 transverse dimensions at large distan
es (r �M�1) takesthe following form: V (r) =M4�d+ bje�rmj � 1(M r)N�2 � : (13)The 
onstant term d 
omes from the short-range brane-brane intera
tion.In fa
t, it a

ounts for intera
tions between parti
les lo
alized on di�erentbranes, whose wave-fun
tions only 
an overlap if branes interse
t. The po-tential is normalized as V (1) = 2�, � being the brane tension. Yukawapotentials in (13) 
ome from the ex
hange of heavy bulk modes with masses
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tion 
omes from the bulk gravitational attra
-tion. If the D-brane pi
ture is adopted, then mj 's should be understood asmasses of dilaton and Ramond�Ramond �elds. Regardless of what is thea
tual realization of branes, be it the D-brane pi
ture or �eld theory soli-ton 
ontext, the potential in (13) des
ribes adequately intera
tions betweenthose obje
ts. The model-dependent quantities are parameterized by 
oe�-
ients d; bj andmj . These parameters determine the minimal separation rva
at whi
h the branes are stabilized in the lowest-energy state. If rva
 < M�1,the separation between the branes is smaller than the typi
al size at whi
hthe branes 
ould �u
tuate. Thus, the branes e�e
tively sit on top of ea
hother. As a result, the parti
les lo
alized on these two branes are e�e
tivelyshared by both of them. Below we will 
on
entrate on the following alter-native possibility. Let us assume that rva
 � M�1. In this 
ase parti
leslo
alized on two di�erent branes have no overlap. Thus, they belong toeither of branes, but are not shared among them. These two worlds 
an
ommuni
ate to ea
h other by ex
hanging bulk �elds. If these intera
tionpreserve global 
harges, B and L 
harges are 
onserved separately on ea
hbranes.Let us see how this pi
ture is a�e
ted by the dynami
s of the brane in�a-tion [11℄. On
e the branes are separated by a distan
e r � rva
, the nonzeropotential energy between the branes gives rise to the four-dimensional e�e
-tive 
osmologi
al 
onstant that drives in�ation [11℄. This 
onstant 
an bede�ned as follows: �e� = V (r) + �bulkVN ; (14)where �bulk is the bulk 
osmologi
al 
onstant and VN is the volume of theextra 
ompa
ti�ed spa
e. Nearly zero value of the 
osmologi
al 
onstantthat is observed today implies that�va
 = V (rva
) + �bulkVN ' 0: (15)Thus, a

ording to Eqs. (13), (14), the four-dimensional va
uum 
osmologi-
al 
onstant will be nonzero for any r 6= rva
. This potential energy will drivein�ation, the exponential growth of the three non-
ompa
t dimensions2. Thenext 
ru
ial thing is to note that for r � rva
 the potential (13) is a very�at fun
tion of r. As a result, the branes fall very slowly on ea
h other.Thus, during this pro
ess the Universe is dominated by the potential energywhi
h in fa
t triggers in�ation in non-
ompa
t dimensions. We should alsoemphasis that the 
ompa
t dimensions will not in�ate sin
e the e�e
tiveHubble size is never smaller than the size of the 
ompa
t dimensions [11℄.From the point of view of an e�e
tive four-dimensional theory this pro
ess2 The size of the extra dimensions will not be a�e
ted by this growth provided thatthe mass of the radius modulus is at least mm�1 [11℄.



2430 G. Dvali, G. Gabadadzeis equivalent to slow rolling of a s
alar �eld, an in�aton � = rM2: This �eld,a

ording to (13) has a very �at potential. The quantity h�i = rva
M2 isjust the va
uum expe
tation value of the in�aton today.The end of in�ation is determined by the value of � whi
h breaks eitherof the standard slow-roll 
onditions V 0MP=V < 1; V 00M2P=V < 1 (see [11℄ fordetails). The epo
h in whi
h we are interested in starts right at this point ofthe evolution. We will argue below that after the branes 
ollide and reheatea
h other, the net baryoni
 
harge 
an be indu
ed on our brane.One possible s
enario emerges when the branes get stabilized after the
ollision at some large distan
e rva
 � M�1. This is going to be the 
aseif the branes repeal at short distan
es. For instan
e, this 
ondition 
an berealized within the D-brane 
onstru
tion if dilaton be
omes heavier than the
orresponding Ramond�Ramond �eld mD �M � mRR. As a 
onsequen
e,when r � m�1RR the Ramond�Ramond repulsion takes over and branes getstabilized at rva
 � m�1RR.Let us follow this s
enario more 
loser. The potential energy of theUniverse during in�ation 
an be estimated as follows:�e�(r � rva
) �M4�mRRM �2�N : (16)This amount of energy will transform into the energy of 
olliding branes afterin�ation. Let the wave-fun
tion of a set of parti
les lo
alized on our brane be our(x�), likewise, the wave fun
tion of a set of some di�erent parti
les livingon the other brane be  other(y�). There is a U(1)our baryon number symme-try on our brane,  our(x�) ! eiQour� our(x�). Likewise, there is a similarU(1)other symmetry on the other brane,  other(x�) ! eiQother� other(x�).When branes are separated, these are two di�erent symmetries. In the ef-fe
tive four-dimensional theory, this simply means that the intera
tions thatbreak U(1)our 
U(1)other are suppressed as follows:( �our)Qother e�rM ( other)Qour : (17)However, on
e the branes 
ome on top of ea
h other, the suppression goesaway. As a result, we are left with the only one 
onserved 
harge Q =Qother +Qour.During in�ation parti
les are in�ated away on both branes and the ex-pe
tation values of the operators Qother and Qour vanish. When the branes
ollide part of their energy is spent on 
reation of parti
les, baby branesand/or bubbles. Sin
e the total 
harge Q is 
onserved, the net 
hargeprodu
ed on the both branes should be zero. However, during the non-equilibrium 
ollision pro
ess the branes overlap. Thus, Qother and Qour willnot be separately 
onserved, and it might happen that in some rea
tions



Evaporating Global Charges in Braneworld 2431�Qour = ��Qother 6= 0. Thus, the net global 
harges will be left on ea
hbranes. In addition to this e�e
t, some 
harge will be 
arried away by thebaby branes and/or the 
on�ning bubbles as dis
ussed in the previous se
-tions. We 
an brie�y summarize the pro
ess des
ribed above as follows:The branes, while 
olliding, spend a very little time on top of ea
h other.After that, they just �boun
e ba
k� and start to os
illate about the equi-librium point rva
. If C and CP symmetries are broken during the brane
ollisions, the 
ouplings (17) allow �
harges� to be �ex
hanged� among  ourand  other during the short time moment of the 
ollision. Thus, it mighthappen that one 
harge is produ
ed in in�aton de
ays in ex
ess and theother one in de�
it (see the example below). On
e the 
ollision happened,these 
ouplings swit
h-o� almost instantly, and as a result, the values ofnonzero 
harge asymmetries �Qour = ��Qother 6= 0 freeze-out. This, inparti
ular, happens sin
e the 
ouplings (17) vanish almost instantly and the
harges be
ome separately 
onserved on two di�erent branes.The qualitative dis
ussions given above 
an be made more pre
ise by
onsidering a simpli�ed toy model. Consider two types of fermions, let us
all them Bj and DA. Bj's are lo
alized on our brane and 
arry baryonnumber (U(1)B). DA's, on the other hand, are lo
alized on a distant braneand 
arry the 
orresponding global 
harge (U(1)D). Given the exponentialsuppression of the overlap of their wave-fun
tions, a part of the e�e
tivefour-dimensional Lagrangian for these fermions 
an be written as follows:Lint = 
ij(�) B
iBj + 
AB(�) D
ADB + �iA(�) e� �M D
ABi+��iA e� �M B
iDA + 
ijkm(�) B
iBjB
kBm (18)+
ABCD(�) D
ADBD
CDD + other intera
tions + H:
: :Here, � �M2r denotes a brane-separation modulus �eld, the in�aton, and
's and �'s are some polynomial fun
tions of � in whi
h C and CP violationsare en
oded. B
i and D
A stand for 
harge 
onjugated �elds. Note thatintera
tions of � with the �elds on the same brane need not be exponentiallysuppressed. In some 
ases, these intera
tions arise after integrating out thebulk modes (e.g. open string modes stret
hed between two branes) whi
ha
quire masses due to the VEV of � and have dire
t 
ouplings to the lightmodes on ea
h brane. On the other hand, all the overlapping terms whi
hbreak U(1)B
U(1)D symmetry expli
itly must be exponentially suppressed(sin
e, by the assumption, there are no light bulk modes with these 
harges).Thus, when branes are well separated � � M , the overlap terms aresuppressed and the Lagrangian has two independent U(1)-symmetries. Oneof them a
ts on B's and 
an be regarded as baryon number symmetry inour brane. When branes 
ome 
loser, however, the overlap terms do notvanish. As a result, we are left with one 
ommon fermion-number Abelian



2432 G. Dvali, G. Gabadadzesymmetry group U(1)F . This last 
onserves the �total 
harge� of the branesQ � QB + QD. Let us now turn to the parti
les whi
h are being 
reatedin the in�aton de
ay. This de
ay, as we just mentioned, 
onserves the total
harge Q. However, the individual 
harges, QB and QD are not 
onserved.Therefore, the rate for baryon number 
reation (e.g. in two-body de
ays)�! Bi+D
A; �! B
�i +D�A ; and, likewise, the rate for antibaryon number
reation, are di�erent. Thus, although Q is 
onserved in the in�aton de
ays,individually QB and QD will not be 
onserved if both C and CP are broken.Note that there might exist an additional sour
e of physi
al CP viola-tion due to �time interfa
e� whi
h 
an arise as a result of the time-dependentVEV of � and di�erent dimensional operators present in the 
 and � fun
-tions. These 
ontributions are 
learly very model-dependent and we will notattempt to quantify them here. An important out
ome, however, is that ingeneral, the rate to produ
e baryons in the in�aton de
ays di�ers from thesame rate for antibaryons if C and CP are broken. Therefore, the nonzerovalue of �QB = ��QD will be produ
ed. When the branes boun
e ba
kafter the 
ollision, the in�aton VEV sharply in
reases. Thus, the U(1)Bviolating terms in (18) swit
h o� and the baryon generation pro
ess stopsbefore the system equilibrates. As a result, the a

umulated net baryoni

harge �QB freezes-out. Thus, our brane will be 
arrying the net baryonnumber [18℄ after the system 
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