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Gravity, p-branes, and a spacetime counterpart of the Higgs effect
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We point out that the worldvolume coordinate functiot€&) of ap-brane, treated as an independent object
interacting with dynamical gravity, are Goldstone fields for spacetime diffeomorphisms gauge symmetry. The
presence of this gauge invariance is exhibited by its associated Noether identity, which expresses that the
source equations follow from the gravitational equations. We discuss the spacetime counterpart of the Higgs
effect and show that p-brane does not carry any local degrees of freedom, extending early known general
relativity features. Our considerations are also relevant for brane world scenarios.
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[. INTRODUCTION implies the covariant conservation of the energy-momentum
tensor densityl,,,,

In the standard Higgs effect the degrees of freedom of the
Goldstone bosons associated with the spontaneously broken
internal gauge symmetry generators are incorporated by the
gauge fields, which acquire mass as a result. Goldstone fields
for local spacetimesymmetries have been studied iij (fer-  For a particleT ,, has support on the worldling/?,
mionic), [2] (both bosonic and fermionicand in[3].

The problem we address here, the Goldstone nature of the
p-brane coordinate functions, and the spacetime counterpart
of the Higgs effect in the presence of dynamical gravity, goes
beyond previously considered cases. In it, the Goldstonand then Eq(2) is equivalenf4] to the particle(geodesit
fields are not spacetimeMP) fields, but worldvolume  gquationg x#=x*(7)],

(WP*1cMDP) fields; the gauge grougpacetimediffeomor-

phisms, is not internal, and the breaking of this invariance is . [(7)x .

the result of the location of the-brane in spacetime i.e., of I 1(7)9uu(X)X"] = —X"XP(9,,9,) (X) =0 (4)
its mere existence. We shall argue, using the weak field ap-

proximation, that the removal of trpeb_rang Goldstone fielqls or d2xk/ds2+ T# dx’/dsd>/ds=0 for ds=d/l (7)

does not modify the number of polarizations of the graviton. This result exlhibits a dependence among Egsand (1)

This indicates that g-brane, when coupled to dynamical . S .
aviy. does not ity any local degres of feeda /7' b '8 second Noelher heorem, mples e evtence
though it provides the source in the Einstein equalions (the freedom of choosing lacal coordinate systejTor pas-

We stress that our conclusions refer tg-®raneobject . X ; . .
described by an independent actiSg, which is added to sive form 01_‘ gengral coordinate invariance. For the gravity
sectordyiss is defined by

the Einstein-Hilbert actiorsgyp for dynamical gravitysee
Eg. (AD)], not to solitonicp-branesolutionsof the Einstein SXH=xM —xF=DH(x), (5)
field equations.

1
T'uv;;LE&,u(T'upgpv)_ ETMpavgp,u:O' (2)

T“V:% f drA(DX*(DX(DNSx-X(7), (3

8"9,(X)=0,,(X) = g,(X)

Il. p-BRANE EQUATIONS FROM THE EINSTEIN FIELD = _(bM;V+ by;ﬂ)
EQUATIONS AND DIFFEOMORPHISM INVARIANCE B bq. + 3 b +bPa ) ®
Interestingly enough, the Goldstone nature of the particle (901 9,070, Pnr)
coordinate functions in gravity goes back to the classicahnd for the particle sector by
papers[4] (see alsd5]). It is well known that the Bianchi
identity G/. =0 for the Einstein tensor density”” in the SXM(T)=XM' (1) — X*(7)=b*(X(7)). (7)
gravitational field equations
Equations(5)—(7) indeed preserve the coupled action

1 1
guVE \/H( Ruv— EguvR) =kT 0, 1) S=Sgn+ Soms SEH:ZJ dAX\/@R: 8
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84i11S=0. Indeed, the general variatiofS (omitting for

1 A A A _
Som= Ef drl1(7)g,, ()XH()X"(7) +1~H()m?], brevity the 6x* and 81(r) terms; the latter produces the al-
(9  gebraic equatiom(7) =m[g,,,(x)x*x"] 1) is

1 1 1 X X ~
85S=— ﬂf d“x\/@( RHV— Eg’”R) 8'9,,(X)+ Ef d4xf drl (D)XE(1)XY(7) 84 (X—X(7)) 8" g,,,(X)

- f dr
For 84itS the first term vanishes singg”,. ,=0 [see the first form of Eq6)], and the second and third terms car{esiing

the second form of Eq6)]. This cancellation just reflects the equivalence of @gwith the consequend®) of the Einstein
equation(1), i.e. the Noether identity for diffeomorphism symmef6j.

Similarly, the action forD-dimensional gravity interacting with a string prbrane] x“=x*(¢)]

A N I o ~ ~
ZUCTMETSE (TT)xVxP<aMgvp><x)) 8% (7). (10

1 T A ~
S=Senp+ Spo=5 f d°x\lgIR+ - f APV IL Y™ (&) G a9, (X) + (p—1)] (1)

is invariant under diffeomorphisms i.e., E@S),(6) plus (8) or (11) allows one to conclude that the coordinate func-

., . . . N tionsx(&) have apure gaugenature. This is not surprising if
XM (E)=XH(E)+ oxH(E), oxM(&)=bH(x(&)), (12 we recall the situation foflat spacetime where they are
. known to beGoldstone field§10—17 for spontaneously bro-
where£™=(7,0)=(7,0%, ... ,a”) are the local coordinates kenglobal translational symmetry. More precisely, the Gold-
of the p-brane worldvoluméV®*DCMP, 5,,=a/9é™. The  stone fields correspond to th® ¢ p— 1) orthogonal direc-
auxiliary worldvolume metricy, (&) is identified with the tions, X'(£), while the X™(¢) corresponding to tangential

induced metric, directions can be identified with the worldvolume coordi-

’)/mn(é):am;(’uﬁn;(yg#v(;(), (13) nates,xngm,

by the S/ 5§y™"=0 equation. In the language of the second x4(1,0)=(E"X'(£), 1=(p+1),...(D-1), (1§

Noether theorem, the diffeomorphism gauge invariance is

reflected by the Noether identit)7—9] stating that the using é&-reparametrizations i.e.worldvolume diffeomor-

p-brane equationsS/ sx“(£)=0, phisms. These are the gauge symmetry ofgeane action
Sop EQ.(11), and are given by

o 0 ) BE=EM — M= BN(E), X(E)=XME (1T

1 ~a R
= SV Y ™ IX 30,9, () =0 (14) L I
& &' XH(E) =X (&) —xH(§) =~ BT(§)dmxH(£). (18
[5(:;/ 5; q'(xgﬂ]é ggo(l)fsm T,Lfioznjssthj} 5gf|elg() equations Then, when thep-brane is in the curved spacetime deter-
wy T DTS AR mined bydynamicalgravity, the rigid translation symmetry
T o R of the p-brane action in flat spacetime is replaced by the
T’”=pr dP e[y Y™, x 0" P (x—x(£)) (15)  gauge diffeomorphism symmeti$),(6),(12) of the coupled
action(11) or (8), and the worldvolume field?s“(g) become
(569[7,8] for the String anc[g] for D-dimensiona|p-brane Goldstone fields for thigaugesymmetry. Goldstone fields
sources inM D). for a gauge symmetry always have a pure gauge nature, and
their presence indicates spontaneous breaking of the gauge
symmetry. Thus, a spacetime counterpart of the Higgs effect
must occur in the interacting system dynamical gravity
and ap-brane described by the actid®) (p=0) or (11).
In the standard Higgs effect one often uses the “unitary”
The fact that diffeomorphism invarian€egs.(5), (6) and  gauge that sets the Goldstone fields equal to zero. Its coun-
(7) or (12)] is the gauge symmetmyf the dynamical system terpart in our gravity-brane interacting system,

Ill. DIFFEOMORPHISM GAUGE SYMMETRY
AND GOLDSTONE NATURE OF THE p-BRANE
COORDINATE FUNCTIONS
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X&) =M= (1.0t ... o), X(&=0 19 standard Higgs phenomenoiThe role of the vacuum expec-
(§)=&"=(n0o ) (€) 19 tation value of the Higgs field is here played by the brane

can be calledtatic gaugdalthough in the case of a brane in tensionT,, (T;=1/27a’ for the string. _

flat spacetime this name is also used for Ed), we find it In particular, the sourc€l5) is nonvanishing in the static
more proper for Eq(19)]. Given a brane configuration, a gauge(19), although in the cases where this gauge can be
gaugeli.e., a reference systert’ =x*'(x)] can be fixed in  fixed gIobaIIy(gs, e.g., in sc_aarchlng f_or an aI_mos.t _ﬂat infinite
a tubular neighborhood of a point aH** in such a way P-brane solution of gravity equationst simplifies the

that Eq.(12) givesx'’ (£)=0. In other words, the freedom of energy-momentum tens¢ts) down to

choosing any local coordinate systdie. the general rela- T

i inei i i P FIl|glp+1Imn £ A v o(D—p—1)(y/
tivity principle) allows one to put the particle da region of T“”:Z\/ glP+[glp (£,0)8k6p8° PTH(X).
the p-brane worldvolume in any convenient “position” with

respect to the spacetime local coordinate system. The static

gauge(19) breaks spacetime diffeomorphism invariance on

the worldvolume(b*(x(&))) down to the worldvolume dif-
feomorphismgq17),

(22

V. GRAVITON POLARIZATIONS, BRANE DEGREES OF
FREEDOM AND THE MEANING OF SPACETIME
POINTS IN GENERAL RELATIVITY

b (x(&))=BM(&) 54, (20 A question remains: do the Goldstone degrees of freedom
reappear as additional polarizations of the gauge fglgx)

This actually reflects the spontaneous breaking of the diffeoon )/P** so that on the brane the graviton behaves like a
morphism invariance due to the presence of the brane.  massive field? Can the singular energy-momentum tensor

Let us stress that, although the brane action in a gravityhen be treated as a kind of mass term for the graviton? This
backgroundis also diffeomorphism invariarti.e. it can be s a subtle question, as the Einstein equation is essentially
written in any coordinate systgnwhen no gravity action is  nonlinear. However, as far as thEerturbative degrees of
assumed, the spacetime diffeomorphisms cannot be treat¢@&edom are concerned, the answers to the above questions
as agaugesymmetry of the brane action since they trans-are negative.
form the metricg,,(x) nontrivially, and nowg,,(x) is a To see this we use the weak field approximation where
background and not a dynamical variable. Hence, in thag  (x)=7,,+xh,,(x) and«T, in the source is assumed to
case, diffeomorphism invariance cannot be used to fix the small for consistency. The extraction of the Einstein cou-
static gauge19). pling constant« makesh,,,(x) dimensionful, but allows us

In the static gauge?)x“(£)=38%, Ymn(£)=0mn(£,0),  to present, formally, the weak field limit as the first order of

Y™(£)=g!P*Im(£,G), and the brane equatior@4) be- ~ an expansion inc. With x,,,:=h,, =z 7,,7""h,, we find
" o . p+1
come conditions for the gravitational field ofwP™ -, GH¥(h)= Kg(o)“”(h)+0(;<2), 23

il |glPHH[MglPrImng - (£,0)]

1
. g(O)MV(h): —(Ox*"+ 2(9(M(9PXV)p_ nw(;p(yoxvﬂ)_
— 1/2glPH|eglem g g ) (£,0)=0. (21) 4

(24)

The .=m components of Eq(21) are satisfied identically Similarly, e.g. in the static gauge when it can be fixed glo-
[this is the Noether identity for the worldvolume reparam-bally anc’I Eq.(15) gives Eq.(22), we find

etrization gauge symmetf7)], while those forw=1 can be

recognized as the gauge fixing conditions often used to select kTHY(h) = k TOR 4, RTORY(h) + O(x3), (25)
the physical polarizations of the gravitational field, but on
the worldvolume. TO®Y= 14T ;™5 5, PP~ (X, (26)

IV. SPACETIME COUNTERPART OF THE HIGGS
EFFECT IN DYNAMICAL GRAVITY INTERACTING
WITH A p-BRANE

(Dpv 1 mn 1 mn kl| om ov |
T #(h):ZTp h _577 hi 7 | Sfdnd(X). (27)

o a At first order in«, Eqg. (1) reduces to the linear inhomoge-

The vielbein e} (x) or gw(x):eﬂ(x)eya(x)A are the peous equation GO#7(h)=TOx”  where TO®r s
spacetime gauge fields. Since the Goldstone fietdg) for  h-independent. Hence, the graviton degrees of freedom are
the spacetimegauge symmetry(diffeomorphisms are de-  determined by the solutions gf?#”(h)=0. Thus, the stan-
fined on the worldvolum@VP**CMP, we should expect a dard arguments that determine théD —3)/2 physical po-
modification of the gauge field equatiorias in the usual larizations of the graviton fieldsee e.g[13,14] for D=4)
Higgs effec}, but here produced bysingulay terms with  will also apply hereprovidedthere is full(linearized diffeo-
support onWP*1 These are just theource termghat ac-  morphism symmetry. This is an evident symmetry of the
count for thep-brane-gravity interaction i.eT*” [Eq.(3) or  linearized Einstein tensor; however, in our case, there is a
(15)] in the Einstein equatioril). Clearly, T*” cannot be potential problem. The use of the gauge diffeomorphism
gauged away by a diffeomorphisfas the mass term in the symmetry to remove the Goldstone degrees of freedom on
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the p-brane worldvolume, e.g. the static gaud®), partially  these branes, as it enters into the definition of the invariant
breaks spacetime diffeomorphisms on the worldvolumeinterval,dszzdx“degW(x).
down to reparametrization symmetry, E@§20). Hence

b'(£,0)=0 and one cannot use this parameter to obtain ad- VI. p-BRANE OBJECT VS p-BRANE
ditional conditions orh ,, . Nevertheless, an analysis similar SOLITONIC SOLUTIONS
to the one presented if9] for p=0 shows that the

. o ; Our statement about the absence of the brane degrees of
u=1 components of thep-brane equation in the static

] N freedom refers to @-brane object, as described by its action
gauge (Eq. (21)39 for a weak field, dn[ 7™ (£,0)]  added to the Einstein-Hilbert gravity action. This situation is
—30,(7™"h,m) (£,0)=0) replace the lost gauge fixing con- not to be confused with the moduli space of solitosau-
ditions so that, on the worldvolume, we still obtain the tionsof (supejgravity equations, as considered, e.g/1i].
D(D — 3)/2 polarizations of the massless graviton. Such a moduli space is spanned by deformatrqn;ﬁgm,x')

Thus in the static gauge, the removed brane degrees off a particularmetric solution gﬁfy(fm.x') of the Einstein
freedom[X'(¢)=0] do not reappear as additional polariza- equation(1) with the source(22), such thatg{}) and the
tions of the graviton on the worldvolume. This indicates that,deformed metricg,,,(£™x') =g()(£"X') +h,, (" x') are
in the interacting system of dynamical supergravity and asolutions of the same equation. Thus, this moduli space is
p-brane, theo-brane does not carry any local degrees of free-associated with the gravity degrees of freedom rather than
dom. with those of thep-brane object.

This property of the spacetime counterpart of the Higgs When discussing these solitonic solutions, in particular
effect is related to an old conceptual discussion, the lack otheir zero modedi.e., metric deformations that are indepen-

physical meaning of spacetime points in general relativitygent of x', ﬁw(g)zhw(g,o)], topological considerations
[15] (see alsd16]). The passive form of the general coordi- gre important. In contrast, in our situation neither boundary
nate invariancediffeomorphism symmetyyis quite natural  conditions onWP** nor asymptotic properties are assumed,
and provides a realization of the general relativity principle.and the metric is a dynamical field variable and not a specific
However, the fact that the Einstein-Hilbert action and theso|ution‘ Our statement is about the absenclecHl degrees

Einstein equations are invariant as well underabgveform  of freedom of the brane object and, as such, it refers to
of the general coordinate transformatigns. under a change «gmall” diffeomorphisms?

of “physical” spacetime points, sefb]), “takes away from

space and time the last remnant of physical objectivity”
[15,16]. VIl. OUTLOOK

In our case, this corresponds to the absence of local de- First, we note that there is some similarity between our
grees of freedom for @-brane when thep-brane interacts resuylts and the idea of holography. Their common basic
with dynamicalgravity. Indeed, the local brane degrees ofstatement is that a theory invariant under diffeomorphisms
freedom could have a meaning by specifying its position inand thus general coordinate transformatjooannot have
spacetimeM®, i.e. by locatingVP"* in MP. However, ina  opservables(gauge invariant variablgsin the bulk. The
general coordinate invariant theory the spacetime point corgsyal holography approa¢t9] concludes from this that the
cept becomes “unphysical”: it is not invariant and thus can-physical observables may be defined on a boundary of space-
not be treated as an observable in so far as observables afge (e.g., on the conformal boundary of the AdS space
identified with gauge invariant entities. The only physical\yhich is the Minkowski spadeOur statement about the pure
information is the existence of the brane worldvoluf@s  gauge nature of the brane degrees of freedom in the dynami-
reflected by the source term in the Einstein field equafion ca gravity-brane interacting system is different, but similar

not whereWP"* is in M, and, if there are several branes, in spirit; the variables describing the spacetime location of
also the possible intersections of their worldvolunies a

particle se¢15] and[16]). This implies, and it is implied by,

the pure gauge nature of tiilecal) degrees of freedom of & 1ag it follows from the linearized situation when tipebrane ten-

brane interacting with dynamical gravity. sionT, is assumed to be weak, these small deformatigng¢,x')
This conclusion also holds for a system of several branegagisfy the free linearized homogeneous Einstein equ@@(h)

interacting with dynamical gravity. In contrast, global prop- =0 [see Egs(23)—(27) and below and, hence, just describe the

erties, like whether the-brane is open or closed, or whether graviton polarizationsi.e. the gravity degrees of freeddm

two branes intersect or not, do contain physical information. 2These zero modes,,(¢™,0) for a solitonic solutiorgﬁjg(gm,x')

For topologically trivial branes the diffeomorphism gauge of the Einstein field equations with@brane sourcé22) located at

symmetry allows one to fix globally the static gauge, i.e. tox'=0 simulate thep-brane dynamics. Namely,,,(£™,0) appears

choose the local coordinate system in which all the branes be expressed througtb(p—1) independent field parameters

are parametrized as infinite planes, possibly intersecting'(¢) that satisfy equations that coincide with the equations of

ones. Let us stress that the questions about distances betwaftion for the coordinate functiong (£) of a p-brane in a space-

nonintersectinge.g. parallel brane worldvolumes or about time with metricgi}j(gm,x').

the angles between intersecting branes have to be addressetfhus, neither the idea of “large gauge transformations” as de-

after the specific spacetime metric has been determined bfined, e.g., in[17], nor the Goldstone analysis of the breaking of

solving the Einstein equations with the sources produced byglobal symmetries by a particular metric anst2,18 apply here.
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the brane are unphysical; the only physical information is thep-brane worldvolume is also natural for a brane world sce-

existence of one or several branes and the possible intersegario. Indeed, if it were not massless on, say, a four-

tions of their worldvolumes. dimensional worldvolume, this would produce a difficulty in
Secondly, we mention that our conclusions also apply to @reating the three-brane as a model for a universe with physi-

brane carrying worldvolume fieldésuch as D-branes in cally acceptable £ 1/r?) long range gravitational forces.
string or M theory. In that case, by fixing the static gauge

(19), one arrives at a model similar to the ones considered in
brane world scenarid®0,21] [an additional Einstein term in
the brane actionfdP*¢|y| 2R [P*l(4), could be looked
at as induced by quantum correctid@24]]. This observation We acknowledge useful discussions with D. Sorokin, J.
indicates that in such scenarios the brane universe is n@agger, G. Dvali, E. lvanov, R. Sundrum, and A. Pashnev.
forced to be a “frozen”fixed hypersurface in a higher- This work has been partially supported by the research grants
dimensional spacetime, but could be rather considered asBFM2002-03681, BFM2002-02000 from the Ministerio de
brane described by a diffeomorphism invariant action interCiencia y Tecnolog and from EU FEDER funds, by the
acting with dynamical gravity. Ucrainian FFR(research project #383INTAS (research
The fact that thé-dimensional graviton does not acquire project N 2000-25% the Junta de Castilla y Learesearch
any additional perturbative degrees of freedom on therant VA085-02 and by the KBN grant 5P03B05620.
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