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1 Introduction

One of the attractive elements of Kaluza-Klein theory is that it provides a single geometric
construction for the Maxwell field and its action. The price is that we need to envoke an
extra dimension and, if we wish to not have a whole new tower of massive states, we must
also insist that fields are independent of this new dimension. We can also ask what is the
interpretation, from the reduced spacetime point of view, of fields with a dependence on
the KK coordinate. These are states charged with respect to the KK gauge field, with the
charge being related to the momentum in the KK direction. These states will be massive
from the reduced perspective since the momentum in the compact space will also appear
as a mass from this perspective. Having a massless state in the five-dimensional theory
with momentum along the fifth direction will then lead to a BPS state in the reduced four-
dimensional theory as its charge will equal its mass (in four-dimensional) natural units.
The identification of states whose mass and charge have their origin from KK mo-
mentum was crucial in the identification of the low energy effective action of M-theory.
The DO-brane was simply a momentum mode along the eleventh direction [1]. Explicitly,



from the eleven-dimensional supergravity perspective it was a null wave solution. From the
reduced ten-dimensional perspective this could be identified with the DO-brane solution in
ITA supergravity, its charge and mass originating from the eleven-dimensional momentum
of the null wave [2].

One may view Double Field Theory or hence forth DFT [3-15] (and [16-18] for recent
reviews), as an attempt to geometrically unify the metric and NS-NS two-form potential
By in a Kaluza-Klein type way. Amongst other reasons, the local symmetry of the NS-NS
two-form means that one cannot lift this to just ordinary Riemannian geometry in higher
dimensions. Instead one needs to have a so called generalized geometry. Double field theory
extends the dimensions of spacetime so that the off-diagonal components of the generalized
metric — that is the metric of the full extended space — become the NS-NS two-form
potential. Then one solves the so-called strong constraint or section condition, that means
effectively one then carries out a Kaluza-Klein reduction from the full extended space down
to usual spacetime. The action of DF'T then reduces to the ordinary supergravity action.
The generalized diffeomorphisms become both the ordinary diffeomorphisms and two-form
gauge transformations. (The global aspects of which have recently been explored in [19-
21]). As such we can view DFT as a novel type of Kaluza-Klein theory which lifts the
NS-NS sector of supergravity (i.e. metric and two-form) to a single geometric theory in
higher dimensions.

The extended geometry associated with the duality manifest version of M-theory [22—
29] is a further extension of this idea where the three-form potential Cj3 and metric are
combined and lifted into a generalized metric for a single geometric theory with an extended
number of dimensions. Again there is a section condition [25, 26, 30, 31] whose solution
implies a Kaluza-Klein reduction back to ordinary spacetime.

It is natural to ask the question what is the interpretation of momenta along the extra
directions. A few moments thought about the comparision between DFT and Kaluza-
Klein theory indicates that it should correspond to a fundamental string charge. Thus this
indicates an intruiging interpretation for the fundamental string from the DFT point of
view. The string will just be a null wave in doubled space with the momentum along the
extended directions. The O(d,d) symmetry of T-duality which from the usual spacetime
point of view exchanges winding and momentum will now just correspond to a rotation in
the doubled space. A null wave pointing along the usual spacetime will be a momentum
mode but pointing along an extended direction it will be interpreted as a fundamental
string. The charge and tension of the string will just be given by the momentum. Thus
from the DFT point of view there are no strings, only null waves.

We will make this connection as explicit as possible. We begin by constructing a null
pp-wave solution of the equations of motion of DFT and interpret it as a massless state
in doubled space carrying momentum. We then show that this is the fundamental string
solution [32] when written in terms of the usual spacetime metric and two-form potential.
We wish to study the dynamics of such a solution. To do so we determine the equations
of motion of the Goldstone modes of this null wave solution in DFT. (Technically we
follow [33] very closely). The resulting equations of motion for the Golsstone modes are
the same as that of the string theory written down by Tseytlin [34, 35] to describe a string
world-sheet in doubled space.



We then move to exhibit the same property for the duality manifest form of M-theory
(with U-duality group SL(5)). The wave is shown to be equivalent to the membrane. Thus
again there are no fundamental extended objects, only null waves. Along the way we will
need to write down the equations of motion of the duality manifest theory — something
that has so far not been done. Even though the action for the manifest SL(5) theory has
been known for a few years by now [27], the equations of motion are more complicated than
the Euler-Lagrange equations from that action since the generalized metric is constrained
to be an element of the SL(5)/SO(5) coset. Implementing this constraint in the variational
problem of the action then leads to a projected set of equations of motion just as in [8]
for DFT. We then conjecture the general form for the projector in terms of the Y-tensor
introduced in [31].

1.1 Bibliography

It is out of the scope of this paper to give a proper historical account of DFT and its
development. There are three relatively recent reviews of the subject [16-18]. We would
like to emphasize the early work of Siegel [3, 4] and Duff [36] and then the two key groups
that have developed DFT, one of Hohm, Hull and Zwiebach [5-8] and the other of Jeon,
Lee and Park [9-13]. In the duality manifest M-theory formalism there was initial work
by Duff [37] and then Hull [23] and Waldram et al. [24-26] and later, Berman, Perry and
collaborators [27-30]. Recently some key further developments in this direction are by
Grana et al. [38] and Hohm and Sambtleben [39-41]. From one perspective many of these
developments were anticipated by the so called F;; programme of West and collabora-
tors [42-47]. As such many of the ideas present in DFT and its variants were signalled
by the early work of West. In particular the authors of this paper have been influenced
by the fact that the nonlinear realization construction central to the Fq; programme has
its origins in the theory of pions as Goldstone modes of the spontanteously broken chiral
Lagrangian. This led to the idea that the duality invariant theory may contain massless
Goldstone modes from spontaneously breaking the duality symmetry. Whether the null
states identifed here are such Goldstone modes is an open question.

For quantum aspects of the duality manifest string see [48-52]. In addition, there have
been a whole host of fascinating recent results, some small sample of which are [53-59].
When studying supergravity solutions such as the pp-wave, the string, the membrane and
the DO-brane, as well as reviewing concepts like T-duality, Kaluza-Klein reductions and
smearing we found the book by Ortin [60] an invaluable reference.

1.2 Notation

In this paper we are dealing with several different spaces of various dimensions at the
same time. Here is a brief summary of the indices and their ranges used for these spaces.
We start with the spacetime of dimension d with metric g,, and coordinates x# where
pw=1,...,d. In DFT this is the normal d-dimensional space and for the SL(5) duality
invariant theory where the dimensions are split into 4+7, these are the four dimensions the
U-duality group acts on, thus d = 4.



The duals of the spacetime coordinates are denoted by #, or # for DFT and y,,
for the SL(5) theory. Together with the normal coordinates x* they form a doubled or
extended space of dimension D with coordinates XM and generalized metric Hasn for
DFT and M,y for the SL(5) theory, where M =1,...,D. In DFT we have D = 2d and
the doubled space is equipped with an O(d, d) structure. In SL(5) there are six wrapping
coordinates ¥,,,, where p, v are antisymmetrized and thus D = 10.

In what follows, we will see that the equations of motion will be projected using
a projectordenoted by Py n%*. This acts on a (D x D)-dimensional symmetric vector
space whose building blocks are “vectors” of the form Vj,n with M, N symmetrized. The
dimension of this vector space is therefore $D(D + 1).

All the dimension and indices are summarized in the following table.

space dimension |O(d, d) SL(5) SO(5,5) indices

spacetime d d 4 5 Wy Vs (1.1)
extended space D 2d 10 16 M,N,...

projector space|D(D +1)[2d* +d 55 136 |(MN), (PQ),...

1.3 Double field theory

In double field theory the spacetime metric g,,, the B-field B,, and the dilaton ¢ are
encoded in the generalized metric Hysn and the rescaled dilation d as follows,

Wsn = <9MV — Bp9”” Bov Byupg™
MN =

1
d d=¢—21 1.2
—g"? Boy g ) an o gty (1.2)

where g = det g, is the determinant of the spacetime metric. This generalized metric
is then a metric on a 2d dimensional space. We introduce the usual coordinates z* and
their duals z,, which are combined into X M — (g+, z,,) for the whole doubled space. This
doubled space is also equipped with a globally defined O(d, d) structure nasn

0 8,
— 1.3
MMN <6“V o) (1.3)

and all tensors are really O(d,d) tensors in the doubled space (for a discussion of this
see [20]). The action may then be written in terms of a sort of generalized Ricci scalar

S = / dPXe %R (1.4)
with the scalar R given by

1 1
R= §HMN8MHKL3NHKL - §HMN8MHKL8KHNL
+ AHMN 9y 0N d — O ONHMY — AHMN 9y dOnd + 40 HMNOyd  (1.5)

1
+ inMNnKLaMgAKaNgBL/HAB .



Here M, N are curved doubled spacetime indices and A, B are flat doubled tangent space
indices. They are related via the generalized vielbeins £4j; such that

Hun = EEBnnag . (1.6)

In addition to this there is the so called section condition or strong constraint. This
diminishes the dependence of the fields on the number of coordinates. This constraint may
be written as

nMNOy e Oye =0 (1.7)

for any field in the theory. Its simple consequence is that one may choose to have de-
pendence on the usual coordinates alone. Different choices of how one solves the section
condition gives rise to different duality related theories. So at the cost of breaking the
O(d, d) symmetry we may choose

O =0. (1.8)

This is like a simple Kaluza-Klein reduction and we will find it useful in what follows to
take this perspective. Imposing the condition (1.8) on the action (1.4) produces the NS-NS
sector of supergravity. (There is also a boundary term contribution that will not play a role
in what follows [61].) Thus at a rather simplistic level, the DFT action is like a Kaluza-Klein
lift of the NS-NS sector of supergravity. Note, the last line in R containing the vielbeins
was originally not present in the literature. This is because indeed it vanishes when one
imposes the section condition. It is however crucial when one considers the Scherk-Schwarz
reductions of the theory [62-66]. (We will not consider such Scherk-Schwarz reductions in
this paper.)
The equation of motion for the dilaton is easily obtained by varying the action

68 = / dPXe 24(—2R)éd (1.9)
which has to vanish for any variation dd and thus gives
R=0. (1.10)

(Note that 6R/d0d = 0 up to total derivatives.) To find the equation of motion for the
generalized metric we have to be a bit more careful. Varying the action with the generalized

metric gives
68 = / AP X e 2Ky Ny oHMN (1.11)
where Ky is given by
Kun = éE)M’HKLé)N?-LKL — %6(M|HKL8K’H‘N)L + 200 0nd
+ (9, — 20rd) [HLK (;6% Mk = iaKHMNﬂ

. (1.12)
— 5 HprHnQ (0L — 201d) (H Ko H@h)

1
- TIKLUPQ <8KdaL5AP - 28K8L5AP) H(N|RERAH|M)Q.



The last term uses the variation of the vielbein with respect to the metric
1
6EA N = iﬂABgNBmMN. (1.13)

The expression in (1.11) does not have to vanish for any 6HM" since the generalized
metric is constrained to parametrize the coset space O(d,d)/O(d) x O(d). This means
the generalized metric can be parametrized by g,, and B, as written in (1.2). Thus
deriving the equations of motion is a little more complicated. This was first done in [8].
We will rederive the equations of motion here using a slightly different method because
this method will be more readily applicable to the cases of extended geometry with the
exceptional groups that we discuss later. The basic idea is that rather than varying with
respect to the generalized metric one varies with respect to the spacetime metric and the
B-field and then make the result O(d, d) covariant.

By applying the chain rule, the action can be varied with respect to 6g,, and 0B,
separately. Making use of

oghv 0B,

09w
- (p(;VU)’ _ _gu(pga)v’ =4 [p(;l/a] 1.14
0Gpo H 0Gpo 0Bs s ( )
leads to
5HMN 5HMN
_ DX —ZdK - B o 1.1
68 /d e MN 7591)0 5gp + 5Bp0 4] p ( 5)
= /dDXe—Qd { [_ngu(pgo)v + 2Ku”g“("g")TBT,,
K (8,96, + Burg™ 9By, )| 9, (1.16)

+ [2K, 976,05, - 2K B g™0\06,7)] 6, |

Now the ¢g’s and B’s are re-expressed in terms of H, the symmetrizing brackets are dropped
and the antisymmetrizing ones are expanded

S = / dPXe { [~ K H'PHT + 2K, H'PHT, + KM (6,70, = HyuPH 1)) 0900
1
—2[K,)"H' + KFMH,T] 3 (6:°6,7 —6:96,°) 5Bpa} . (1.17)
The crucial step is to then re-covariantize the indices by using ny/n given in (1.3)

05 = /dDXe_Qd (K (" 07" = HEPHTE) 6g,0 (1.18)

—Kgr (H P npaum™ — HEP5pN 60 ") 0067 NOB e }

which reproduces the previous line once the doubled indices are expanded and summed
over. In a final step the terms inside the brackets are brought into a form corresponding

to a projected set of equations as follows
08 = /dDX@_Qd {Kxkr (Om™on" — HE npumno M) 0PN 6g,py

—Kxr (K5 npum™ @ Hor — HEP 5p250" Hor) HNn™MP67 N6 Byo |



= / AP Xe 2Py T Kir (1M 89,0 + nMPHINEB,,) (1.19)
where we have introduced the projector
1
PynEE = 5(5M(K5NL) — HMPUP(KTINQHL)Q) (1.20)

which is symmetric in both M N and K L.
The variation of the action has to vanish for any dg,,, and 6 B,,, independently, therefore
the equations of motion are given by

Pyn"FKgr =0 (1.21)

and not Ky = 0, the naive equations expected from setting (1.11) to zero.
This equation of motion was derived in a slightly different way in [8] by using the
constraint equation H'nH = n which ensures H is an element of O(d,d). The result is

1
i(KMN — urHE P KpoH 9 ) = Pun™ Kk =0 (1.22)

in agreement with ours. We wish to emphasize the point of rederiving these equations is
just so that we can use this method in the exceptional case later.

The importance for the presence of the projector can be seen by counting degrees
of freedom. The symmetric spacetime metric has %d(d + 1) degrees of freedom and the
antisymmetric B-field contributes %d(d —1) for a total of d? independent components. The
dimension of the doubled space is D = 2d, therefore K,y has 2d*4d components. Of these,
d? + d are in the kernel of the projector and are therefore eliminated, leaving d? degrees
of freedom as desired. This can be shown by computing the characteristic polynomial and
all the eigenvalues of the projector P.

2 The string as a wave

Now we are equipped with the equations of motion of DFT and so we move on to describe
a solution of these equations and subsequently examine its Goldstone modes.

2.1 Wave solution or fundamental string in DFT

We seek a solution for the generalized metric corresponding to a null wave whose momen-
tum is pointing the Z direction. The ansatz will be that of a pp-wave in usual general
relativity [67]. This has no compunction to be a solution of DFT. As we have seen the
equations of motion of the generalized metric in DFT are certainly not the same as the
equations of motion of the metric in relativity. Let us immediately remove any source of
confusion the reader may have, the pp-wave as a solution for g,, may of course, by con-
struction, be embedded as a solution in DFT by simply inserting the pp-wave solution for
guv into Harny. Here we will consider a pp-wave (that is the usual pp-wave ansatz [67])
not for g,,, but for the doubled metric H sy itself and then determine its interpretation in
terms of the usual metric g, and two-form B, .



The following is a solution to DFT in 2d dimensions given by the generalized metric
H sy with line element

ds? = HyndXMax®y
= (H —2) [dt* — d2®] + Sppdy™dy”

+2(H-1) [dtd,% + dfdz] 2.1)
— H [df? — d2%] + 6™"dgmdgn
where the generalized coordinates are split as
XM = (@, 2,) = (t,2,9"™; 1, 2, Gm) (2.2)

and a tilde denotes a dual coordinate as explained above. This generalized metric and
rescaled dilaton d = const. solve the equations of motion of the DFT derived in section 1.3.
The appendix A.1 provides the details demonstrating it is indeed a solution.

Since it is exactly the same form as the usual pp-wave solution, the natural interpre-
tation is of a pp-wave in the doubled geometry. One therefore imagines it propagates and
therefore carries momentum in the 2z direction. It is worth a pausing here. To determine
whether it truely carries momentum would require the construction of conserved charges
in DFT. This has not yet been done. It would be useful to consider objects like generalized
Komar integrals and the other ways one defines charges in general relativity but now for
DFT. Nevertheless, we shall proceed with the interpretation of this solution as a pp-wave
and thus carries momentum in the dual z direction.

H is taken to be a harmonic function of the usual transverse coordinates® 4™ (but not
of their duals ,,) and as such is annihilated by the Laplacian operator in these directions,
ie 0""0,0,H = 0. In DFT language, it is required (at least naively) that H satifies the
section condition and so to solve the section condition it is not a function of any of the dual
coordinates. The fact that the harmonic function H is taken to only depend on 3" and
not the dual transverse directions implies that the wave solution is smeared in these ¢,
directions. One can think of it as a plane wave front extending along the dual directions
described by coordinates ¢, but with momentum in the Z direction. An explicit form of H is

h
H=1 e f 2_,m n(smn 2.
+rd*4 or T y"y (2.3)

where h is a constant and r is the radial coordinate of the transverse space.

We will now use the form of the doubled metric Hy;y in terms of g, and By, to
rewrite this solution in terms of d-dimensional quantities, effectively reducing the dual
dimensions. This is like in Kaluza-Klein theory, writing a solution of the full theory in
terms of the reduced metric and vector potential

ds® = (g — Byupg" Boy)da'ds” + 2B,,,¢" dz"dz, + ¢"dz,di, . (2.4)

By comparing (2.4) with (2.1), the fields of the reduced theory with coordinates z* =
(t,z,y™) can be computed. We find the metric and its inverse to be

G = diag(—H 1 H™ 6,00) and g" = diag(—H, H,0™") (2.5)

!The range of the transverse index is m = 1,...,d — 2.



whereas the only non-zero component of the B-field is given by
B, =-B,;=—-(H'-1). (2.6)

From the definition e=2¢ = \/ge*% of the rescaled dilaton d (which is a constant here) it
follows that the dilaton ¢ is given by (¢ is another constant)

e"20 = He 2% or e 20—t0) = g (2.7)
since g = —H 2. The corresponding line element is
ds? = —H1(dt? — d2?) + 6pndy™dy™ (2.8)

which together with the B-field and the dilaton ¢ gives the fundamental string solution
extended along the z direction [32]. We have thus shown that the solution (2.1) which
carries momentum in the Z direction in the doubled space corresponds to the string along
the z direction from a reduced point of view.

This follows the logic of usual Kaluza Klein theory. In the doubled formalism the
solution is a massless wave with Py PvHMN = 0 (where the PM are some generalized
momenta), but from a the reduced normal spacetime point of view the string has a tension
T and charge ¢ which are obviously given by the momenta in the dual directions with a
resulting BPS equation

T=1q. (2.9)

Of course this is no surprise from the point of view of T-duality. Momentum and string
winding exchange under T-duality. It is precisely as expected that momentum in the dual
direction corresponds to a string. What is more surprising is when one views this from
the true DFT perspective. There are null wave solutions that can point in any direction.
When we analyze these null waves from the reduced theory we see them as fundamental
strings or as usual pp-waves. It is a simple O(d, d) rotation of direction of propagation that
takes one solution into the other. This is duality from the DFT perspective.

2.2 Goldstone modes of the wave solution

In the previous section we presented a solution to the equations of motion of DFT which
reduces to the fundamental string. It will be interesting to analyse the Goldstone modes
of this solution in double field theory. Especially since the advent of M-theory, it was
understood that branes are dynamical objects and that when one finds a solution of the
low energy effective action one can learn about the theory by examining the dynamics of
the Goldstone modes. For D-branes in string theory this was done in [33] and for the
membrane and fivebrane in M-theory, where such an analysis was really the only way of
describing brane dynamics, this was done in [33, 68]. We will follow the excellent exposition
and the method described in [33] as closely as possible.

In DFT, the diffeomorphisms and gauge transformations are combined into generalized
diffeomorphisms generated by a generalized Lie derivative. We will consider small variations



in the generalized metric, hy;ny and the dilaton, A generated by such transformations as
follows,

hyun :5§HMN =£§HMN, )\:5§d=£§d. (2.10)

For all the duality invariant geometries including DFT, the generalized Lie derivative of
the metric [6] is given by the ordinary Lie derivative plus a correction in terms of the so
called Y-tensor

LeHun = LeHun — Y 0mqop9M iy — Y ngope9H s

(2.11)
= "o MmN + 2H (O — 2Y PP iy nopE? .

The Y-tensor [31] encodes a great deal about the geometry. For DFT, the Y-tensor is
simply given in terms of the O(d, d) metric

YMN o = pMNpper (2.12)

If the metric H s and the transformation parameter €M = (¢¢, éu) both satisfy the section
condition, then the vector part £ generates a coordinate transformation while the one-form
part éﬂ gives a gauge transformation of the B-field.

The generalized Lie derivative of the dilaton contains just the transport term plus a
term for d being a tensor density

Led = EMoyd — %aMgM . (2.13)

The wave solutions are extended objects and therefore sweep out a worldvolume in
space. This is spanned by the coordinates {¢,z}. All remaining coordinates are treated as
transverse in the extended space. The solution clearly breaks translation symmetry and
so one naturally expects scalar zero-modes. One immediate puzzle would be to ask about
the number of degrees of freedom of the Goldstone modes. Given that the space is now
doubled one would naively image that any solution which may be interpreted as a string
would have 2d — 2 degrees of freedom rather than the expected d — 2. We will answer
this question and show how the Goldstone modes have the correct number of degrees of
freedom despite the solution living in a 2d dimensional space. The projected form of the
equations of motion are crucial in making this work out.

To carry out the analysis it will be useful to split up the space into parts longitudi-
nal and transverse to the string. One collects the worldvolume coordinates ¢ and z into
2% and similarly for their duals?® % = (f,2) such that the generalized coordinates are
XM — (29,4y™ % §™). This allows the non-zero components of the metric and its inverse
to be written as

Hap = (2 — H)ly, H® = HI®

Hp = Hl; HO = (2 — H)[

Hop = Hpo = (H— DIy H® =H" = (H - 1)J*
Honn = O, Homnm = Ompn H™ = 6™, H™ = 5™

(2.14)

2Tn what follows we will use the alternative notation #* for the dual coordinates to avoid confusion
between inverse and dual parts of the metric.

,10,



where the constant symmetric 2 x 2 matrices I and J are defined as

(-1 0) <0 1)
I= and J= . (2.15)
0 1 10

For later use also define their (antisymmetric) product

0-1
K:H-Jz—J-Hz( ) (2.16)
10

Following [33], we now pick a transformation parameter &€ with non-zero components
only in the transverse directions, but with no transformation along the worldvolume di-
rections (and the directions dual to the worldvolume). This transformation may then be
described by the DF'T vector field

M = (0, H*g™, 0, HP ™) (2.17)

where g%m and (;Em are the constant vectors that later will become the Goldstone modes
once we allow them to have dependence on the worldvolume coordinates; H is the harmonic
function given above and «, 8 are constants that are to be determined by demanding that
the Goldstone modes become normalisable. Using

han = RO Hmn + 20w E" — 20" gt L0pE® (2.18)

we can compute the components of hpsn in terms of ¢2m, &m Recall that both the metric
and the transformation parameter only depend on y through the harmonic function H.
Therefore 0y, is the only derivative that gives a non-zero contribution. We find
hap = — ™ (H® O H ) ap hinn = 269640,y POp H®
hyp = ¢™ (H® 0 H)l,; hini = —26704(m07) P 0p H* (2.19)
hap = My = O™ (H O H)I 5 himis = hivm = —2670 0,057 9, H”
and all terms with indicies mixing a,a with m,m vanish. For the dilaton there is no

contribution from the transport term as d is a constant for our solution. This leaves the
density term which gives

A= —%émamHa. (2.20)

Once we have these equations, the next step is to allow the moduli to have dependence
on the worldvolume coordinates,

G o), O™ — M () (2.21)

and the hats are removed. These are the zero-modes.
We now determine their equations of motion by inserting (2.21) into (2.19) and (2.20)
and then subsequently into the equations of motion for DFT, (1.10) and (1.21). As usual
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we keep only terms with two derivatives and first order in hpsn and A themselves. (It would
certainly be interesting to move beyond this expansion and compare with a Nambu-Goto
type action but we will not do so here). This gives

1
Kun = H" 000 hay i — Z%LKaLaKhMN + 200108\ (2.22)
R = A4HMN 9y 08\ — OpOnhMY. (2.23)

For convenience we will define [ = HI%9,0, and A = §¥0,,0,. Inserting hjsn from (2.19),
we find L
Kay = —(1+aH 10,0, (H*0,, H) + Z]Iaqubm(Ha(‘)mH)

1
KaE = _Z aED¢m(Ha8mH)
Ko = Kio = 5K G000™ (HO 0y H) — 11,500 (H 0, H)

« «
K = =5 006780y (H* 0, H)

a (0%
K*ﬁ - §D¢p5p(m6ﬁ)q(H aqH)

5 (2.24)
K = 0Kam = §D¢p5ﬁ[m5ﬁ}q(H53qH)
1
Kom = Kig = iam” [0mn AHY — 00, H — 0, (HO0p H )]

Kam = Kona = 5K 046" O (H 0, H)

Kom = Ko = %aaéﬁéﬁk(sml S AHP — 8k8lH5]
Kam = Kina =0
where K was defined in (2.16). Further, inserting A from (2.20) gives the dilaton equation
R=—H '2a+1)0¢™(H0,,H) = 0. (2.25)

It is straight forward to see that the dilaton equation is solved by [J¢ = 0. For the other
equations we have to work a bit harder. The full equations of motion for the generalized
metric are the projected equations (1.21) which contain d? linearly independet equations

Kipn = 5mk5anfJ

_ (2.26)
Knn = 6mk6ﬁlK]}l
Ko = (H —1)0,"Ka, — (2 — H)0p" Kag
Koo = (H —1)6,," Ky + (2 — H)6,,"Knz
( ) Kt ( ) (2.27)
Kmf - (H - 1)6mnKﬁ2 - Hémn nt
Koz = (H —1)0,," Knp + Hép " Ki.
0=(H—1)(Kg — Kzz) + H(Kz + K.7)
0=(H - 1)(Ky— K.2) + (2 - H)(Kiz + K) (2.28)
0=(H—-1)(Kiz — K,f) —HK.. + (2 — H)K 2 '
0=(H—-1)(K;—K.2) + HK;. + (2 — H)K5;
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Inserting for K sy from above yields the equations of motion for the zero modes. The first

two read

— QP 8y, 0 (H*Og H) = 0 (2.29)
BOGT8 07" (HP 9y H) = 0 '

and can be solved by 0¢ = 0 and C¢ = 0 respectively. The next block of equations (2.27)
can be re-covariantized by using

L [FrOY [0 1) _ (o1 (230)
o \o1/\=10) \1o '

00" Brmn AH — Oy HY — 8,y (HO 0 H)]
= Loee®0y¢" 5P (H — 1) [5pmAHB - apamﬂﬂ (2.31)

which leads to

0" O (H 0 H) = Lo 03" 05" H [0, AP — 0,0, H .
Adding these two equations gives

Da " WY = 1,.680,0™ 6, W 5) (2.32)

mn

where for v = a, # we have W,S]TZ = 0mnAHY — 0,0, H7. If « = 8 we have the same object
Winn on both sides which can be shown to be invertible. The equation can thus be reduced
to a duality relation between ¢ and ¢

O™ = Lppe?0,0™6™  or g™ = xdg"om. (2.33)

This equation implies both (¢ = 0 and [ = 0 as can be seen by acting with a con-
tracted derivative on the equation. If ¢™ and ¢™ are placed in a generalized vector
M = (0,¢™,0,¢™) this can be written as a self-duality relation

Hynd®M = npry + doY (2.34)

and precisely matches the result in [36] for the duality symmetric string.

The final block of equations of motion (2.28) are either trivial or are also of the form
O¢™(H*0,H) = 0 provided @ = —1. If one was not concerned by normalisation of
the modes then this also provides a way of constraining the value of a. The consistent
choice of a = —1 is fortunately the choice that also leads to normalisable modes. This
may be seen by examing the case @ = —1 and integrating over the transverse space.
This exactly mirrors the situation described in [33]. The Goldstone modes are really the
normalisable modes corresponding to broken gauge transformations. Where for gravity the
gauge transformations are ordinary diffeomorphisms, in the case of DFT it is generated
by the generalised Lie deriviative. (In case the reader is more familiar with the study of
monopoles, the analogue of the modes described in this paper is with the dyonic U(1) mode
in the monopole moduli space.)
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One can now turn equation (2.33) into a (anti-)chiral equation for a linear combination
of ¢ and ¢ as follows. Introducing ¥4 to be given by

e =¢+¢ (2.35)

and inserting them into (2.33) and its Hodge dual gives the familiar (anti-)self-dual left-
and right-movers

dypy = £ *dipy (2.36)

of the Tseytlin-string [34, 35]. Thus the dynamics of the Goldstone modes of the wave
solution reproduce the duality symmetric string in doubled space. The number of physical
degrees of freedom are not doubled but just become rearranged in terms of chiral and
anti-chiral modes on the world-sheet.

2.3 Comparison with the o-model evaluated in the string or wave background

The equations of motion that were derived in the previous section recover the equations
of motion of Tseytlin string. A natural question would be to ask what background is the
string in? Is the target space the doubled solution combining the fundamental string with
the wave-background? The answer to this question is that we can see immediately from
this Goldstone mode analysis one obtains the equations of motion of the free string ie. that
of the o-model in a flat background. To understand this it is worth understanding what
the Goldstone mode analysis provides you with in other cases where this has been carried
out in a more conventional setting. In the work of [33] the Goldstone mode analysis of the
D3-brane, the M-theory membrane and fivebrane was carried out and used to determine
the effective equations of motion for each of those objects. In each case the description
gave the description of those objects in a flat background. Some further thought shows
that this is the correct answer. The Goldstone mode analysis must give the equations of
motion of the string in a flat background since the solution for which one is determining
the moduli is that of string in flat background. A string solution in the background of
other strings ie. a string o-model in a string background would be a different solution
and as such obey a different set of equations of motion. Describing this more technically,
to find the o-model in a nontrivial background then one must find the backreacted wave
solution not for asympotically flat space but for one with asymptotically switched on NS
fluxes and then determine its moduli and their equations of motion. Of course, how we
normally proceed with brane actions is that once one has determined the effective equations
of motion through a Goldstone mode analysis one then covariantises these equations (in
terms of the geometry of moduli space) to determine the general equations of motion. In
terms of the doubled string above, this would imply just replacing the flat target space
generalised metric with the generalised metric of an arbitrary background. (The quantum
properties of such twisted chiral bosons with an arbitrary target space may well be very
nontrivial, an analysis of such is outside the scope of the current paper).
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3 The membrane as a wave

In a similar manner to the string, the membrane will be shown to arise from a massless so-
lution corresponding to a wave in an extended geometry. We will demonstrate this for the
membrane in the SL(5) duality invariant theory though it is imagined that this will be true
of all the extended geometries corresponding to the exceptional groups. We begin with the
equations of motion of the SL(5) theory. The actions of the U-duality manifest theories have
been explored at length [29] but the equations of motion will require the construction of pro-
jectors just as in the O(d, d) case since we should only consider variations of the actions that
preserve the generalized metric coset structure. We begin by describing these projectors.

3.1 The SL(5) duality invariant theory

Let us start by examining the extended geometry of the SL(5) duality invariant theory. This
arises from the full eleven-dimensional theory by splitting the dimensions into 4+7. The
U-duality group acts on the four dimensions and can be made manifest by including the six
dual dimensions corresponding to membrane wrappings. There is then a (4+6)-dimensional
extended space with manifest SL(5) invariance and no dependence on the remaining seven
dimensions. Referring to the Eq; decomposition into SL(5) x GL(7), schematically a gen-
eralized metric of such an (10+7)-dimensional space can be written as (see [69])

M 0
H = det g~ 1/? < 0, ) (3.1)
7

where M is the generalized metric on the extended space and g7 is the metric on the re-
maining seven dimensions. The conformal factor up front is important as it relates these
two otherwise independent sectors, it is given in terms of the determinant of g11, the metric
of the full eleven-dimensional space.

This My is the generalized metric as first given in [27]. It parametrizes the coset
SL(5)/SO(5) in terms of the spacetime metric g, and the form field C,,,,

1 A 1 A
v + 5Cups 977" T Crry ﬁcupagpa !

MMN - Lng,ATC gpo,)\T
V2 ATV

(3.2)

for coordinates XM = (", y,w) in the 10 of SL(5) and with gH"*7 = %(g“”g”” — ghog¥Pr)
which is used to raise an antisymmetric pair of indices. Note that there is no overall factor

2 where g is the determinant of the four-metric

in front, this metric has a determinant of g~
guv- Therefore in this form it is actually an element of GL(5), not SL(5). This can be
remidied by considering the following.

The theory contains a scaling symmetry for the GL(5) which can be used to rescale
Mun by g, e.g. Myn = g"/° Mun (this particular rescaling leads to a generalized metric

with unit determinant, i.e. det M,y = 1). Noting that det g11 = g det g7 and assuming a
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simple form? for the seven-metric such that det g7 = V we have

V—1/29—1/29—1/5M 0 6—AM 0
0 V75/ g / o7 0 e~ P / o7

Under an SL(5) transformation the seven-sector should remain unchanged, therefore we
have the following SL(5) scalar density

eA _ V1/297/10 (34)

which we will us to write down the correctly weighted action for the extended theory. In
terms of the generalized metric My with unit determinant and the volume factor A the
action reads

S = / dPXe”R (3.5)

where the scalar R is given by

1 1
R = EMMNaMMKLaNMKL — iMMNaMMKLC{)LMKN 56)
3.6
+ O MMNONA + %MMNaMAaNA |

The first two terms reproduce the Einstein-Hilbert and Maxwell term upon imposing section
condition. The last two terms are kinetic terms for A. The equations of motion for A can
be found by varying the action and are given up to total derivatives by R = 0.
On the other hand, varying the action with respect to the generalized metric and
integrating by parts gives
1
58 = / aPxe” {12 (OuMELONM e, — 20k MEFOL My — 2ME L0 0 Mgy
F2MBEEMPCO Miurpdr Mg — 2MBE0 AdL M)
1
-5 (OuMBEOL My n — 20, MBEO Mgy — 2MBFOLOM MK N
+2MIEP MELO e Mipy g0 My p — 2MB O Ady M y)
6
—OyONA — 78MA8NA] SMMN (3.7)
Note that there is no term for varying e®. This factor contains information about the

determinant of M;n but does not change if the metric is varied as it is fixed to have unit
determinant. We will denote everything inside the brackets by Ky

68 = / dPXeA Ky noMMN (3.8)

As in the case of DFT, (3.8) does not have to vanish for any variation SMM¥ since
the generalized metric is constrained to parametrize a coset space. This gives rise to a

3For example when considering the compactification of the seven dimensions on a seven-torus with equal
radius R this is just g7 = Rd7 and thus V = R".
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projector to eliminate the additional degrees of freedom. To impose this constraint and
find this projector, one has to use the chain rule. In order to vary the generalized metric
with respect to the spacetime metric and the C-field, it will be usefull to use indices
a = {p,5} in the 5 of SL(5). The coordinates are then

XM — b

XM = xb = (3.9)
XHr  — %e,uupoypo_

where €777 is the permutation symbol in four dimensions, a tensor density. The generalized
metric and its inverse take the form

Mopog = <Mu5,u5 Mu5,>\r> _ g/ 9ur + 5C1up09""* Ciry *T\lﬁcupagpa’aﬂeaﬁh
ab,cd — -

1 A —1
Mpo,l/fi Mpa,)\'r _ﬁepaaﬁga& TC)\TV 9 “Gpo T

v aBAT

g,u ﬁg#V vaB€

ﬁﬁpoaﬁ Capug™ 99" + %Gpaaﬁ Cappg" Cuys €YOAT

Mabed — g=1/5 (3.10)

with g“”vaﬂga@pg = %(5555 —55;55). Note the factor of g*/5 up front since this is the rescaled
metric with unit determinant. Using the chain rule and varying the metric in (3.8) with
respect to dg,, and 6C,,,, gives

5 MN ) MN

_ v 1 Na' / /
— /dDXg 1/5 { |:—Ka5,55ga(“g B 2Ka5,ﬁﬁ/ﬁga(“9 ) Coaryyr €V BB

Ko 50 <gguvgaa B8 _ ggalu g B8N’ _ g alB (8 )u e

1 / ’ / / ! ]_
_gﬁaa ¥y C’yfylgga(ugy)a Clin 6)\)\ BB > o 591/5KMNMMN9;UJ:| 5g;w

+ |:2Ka575/3/ gaa/5[7“5:/5g}e'wlﬁﬂl

1
2v2
1 ! ! ! ! !
+2Kaa/755/§€aa 7Y 5%“5,1;/5(@]900 CJ//\)\IE)‘A BB :| 5CNVP} (312)

where the term %K N MMN 9" g, arises from varying the determinant factor. After
cleaning up and dropping the symmetrizing and antisymmetrizing brackets, the ¢’s and
(s are re-expressed in terms of M (factors of ¢%/5 have to be accounted for carefully)

§S = /dDX {91/5 [—Ka5755M057#5Mv5765 K 5 MOSH MBS
+Kao/,/3’ﬁ’ <g_1/5Mu5,V5gga0/,BB' _ Maa’,;LBMy5,BB’>

1 (3.13)
_5KMNMMNMH5,V5:| 59“11

1
+—

5,15 ’ /’ 5 ’
V2 | Ko g MOSIDEOT K g MO 150000 | 5%p}
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Now the indices can be re-covariantized to be expressed as

08 = /dDX {91/5KKL <MM,;L5MV5,NMMP16aPK6aNQMQL — MEm Aqv5LL
4
1 1 (3.14)
_SMKLMMEJ,VE)) 6g,uu + \/EKKLMK7M5€VPL560,U,Vp}
which reproduces the previous line if the extended indices are expanded and summed over.
In a final step these expressions can be written in terms of a projected set of equations

1

0S= [ dPX(=3)Pyy K <1/5MM’“5M”5’N6 v
/ (=3) Py KL |9 I 2v/2

M N
MMpSerp 550,“,,3) (3.15)
where the projector is given by

1 1 1
Pyn "t = 3 <5M(K5NL) + gMMNMKL - 4MMP€aP(K€aNQML)Q) (3.16)

which is symmetric in both M N and KL as can be seen from the contraction with the
symmetric dg,, and K respectively. Note that the term containing 6C),,, does not
impose any symmetry property on the projector.

The variation of the action has to vanish for any dg,, and 6C),,, independently, there-
fore the equations of motion are given by

Pyun®FKygr =0 (3.17)
with Ky/n defined in (3.8).

3.2 Divertimento: equations of motion with a projector

In general, the dynamics of extended geometry can be described using a projected equation
of motion. The action is given by

S = /dDXL‘ (3.18)

where the Lagrangian £ includes the integration measure for the extended space. Setting
the variation of the action to zero gives

68 = / dPX Ky oMM =0 (3.19)

where Ky = 6L/ MM¥ is the variation of the Lagrangian with respect to the generalized
metric. The integrand does not have to vanish for any S MM¥ since the generalized metric
is constraint to parametrize the coset space G/H. This constraint gives rise to a projector
in the equations of motion

Pun®tKgp =0. (3.20)

The extended geometries are all equipped with the so called Y-tensor described in [31]. The
Y-tensor determines the deviation from usual geometry in that it gives the correction to
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Lie derivative to form the generalized Lie derivative given in [30]. Following the method for
O(d,d) and then SL(5) where we use a chain rule type arguement, we see that the projector
may be written in a standard form using only the generalized metric and the Y-tensor

KL
Pyn™" =

SHES

(5M<K5NL> My MEL - MMPYP<KNQML>Q) , (3.21)

together with the constants a and b which depend on the dimension of the extended space
D and thus the U-duality group. These constants together with the Y-tensor are given in
the following table for some of the duality groups under consideration.

YMNKL a b D
O(d,d) n™MNpkr 12 0 2d
SL(5) 1eMNeer, 13 1/5 10
SO(5,5) |2 (T)YMN(T;) ke [4 1/4 16

(3.22)

The elements that form the Y-tensor are 7y, the invariant metric of O(d,d); ;N =
€iabeds the SL(5) alternating tensor (i = 1,...,5); and (T')M , the 16 x 16 Majorana-Weyl
representation of the SO(5,5) Clifford algebra (i = 1,...,10).

Our Py n% is a genuine projector in the sense that P2 = P and its eigenvalues are
either 0 or 1. The eigenvectors with eigenvalue 0 span the kernel of the projector. Those
parts of Kj;n proportional to these eigenvectors are projected out and eliminated from
the equations of motion.

The multiplicity of the eigenvalues 0 and 1 are called nullity (dimension of the kernel)
and rank of the projector respectively. They add up to the dimension D of the vector
space of eigenvectors. We have not shown that this is true beyond the groups in the
table above since the calculations have been done just by brute force. However, given the
structure of the exceptional geometric theories, in that the theories up to E7 are completely
determined by the generalized metric and the Y-tensor (along with a few dimensionally
dependent constants), then we expect this projector to be true at least up to E7 with only
the constants a and b to be determined.

Note, the object Ky is symmetric and thus has %D(D + 1) independent components
in a generalized space with D dimensions. The bosonic degrees of freedom of the theories
under consideration are given by the metric tensor g, and the form fields By, or C.,
(plus one for the dilaton ¢ in DFT and the volume factor A in the SL(5) theory). One
equation of motion is needed for each of those degrees of freedom. The projector reduces
the components of the equation Kj;n = 0 such that the right number of independent
equations remain.
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3.3 Wave solution or membrane in the SL(5) theory

The wave solution for the SL(5) duality invariant theory is given by a generalized metric
M N with line element
ds? = My nvdXMdxV
=(H —2) [(dx1)2 — (dfc2)2 — (d$3)2] + (d334)2
+2(H —1) [dxldy23 + da?dy3 — dx3dy12]
— H [(dy13)? + (dy12)® — (dy23)*] + (dyza)? + (dy24)? — (dy14)*.

(3.23)

This generalized metric solves the equations of motion of the SL(5) theory derived in 3.1
(see appendix A.2). It can be interpreted as a pp-wave in the extended geometry which
carries momentum in the directions dual to 22 and 23 i.e. combinations of y12, 713 and ya3.
Since it is a pp-wave it has no mass or charge and the solution is pure metric, there is no
form field it couples to. As before, H is a harmonic function of the transverse coordinate
% H =1+ hlnz?*. It is smeared in the remaining dual directions.

A Kaluza-Klein ansatz suitable for the geometry here that allows us to rewrite the

solution in terms of four-dimensional quatities and reducing the dual directions is

ds? = <g +e22C g TP C )dx“dx”
- o e (3.24)

+26*°Cune g7 dat dye + €229 7 dyrr dy po-

The factor €%? is a scale factor and needs to be included for consistency. This decompos-
tion of the generalized metric into the usual metric and C-field resembles the form of the
generalized metric (3.2) as in the DFT case.

By comparing (3.24) with (3.23), the fields of the reduced system with coordinates x*
can be computed. From the diagonal terms we find

gu=diag(—H " H ', H ' 1) and  ¢"*° =e **diag(—H,—H,—1,H,1,1)
(3.25)
and since g""f? is given by g, the inverse of g,,,, we need e?? = H~! for consistency.
The corresponding line element is

ds? = —H ! [(dazl)2 — (dz?)? — (dx?’)ﬂ + (dz)?. (3.26)
The off-diagonal terms give the antisymmetric C-field whose only non-zero component is
Cloz = —(H 1 —1). (3.27)

This metric and C-field look like the membrane in M-theory. To complete this identifica-
tion, (3.26) has to be rescaled to be expressed in the Einstein frame.
The standard rescaling procedure (in four dimensions) gives

Guv = QG = H %25, (3.28)

0 — \/W _ 32, (3.29)

where
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Therefore the rescaled metric reads g, = H 3/ QQW and the full solution in the Einstein

frame is?

ds* = —H V2 [(d2")? — (dz?)? — (dz®)?] + H3/*(da*)? (3.30)
which is indeed the M2-brane in four dimensions in the Einstein frame. The membrane is
extended in the 22 — 23 plane. We have thus shown that the solution (3.23) which carries
momentum in the directions dual to z? and 23 in the extended geometry corresponds to
a membrane stretched along these directions from a reduced point of view. By similar
arguments as in the string case, the mass and charge of the M2-brane are given by the
momenta in the dual directions.

3.4 Goldstone modes of the wave solution

Following the same procedure as for the DFT wave we will now perform the Goldstone
mode analysis for the wave in SL(5). To do this we will use the five-dimensional coordinate
representation introduced above and split the coordinates into worldvolume and transverse
parts. Note that the membrane in four dimensions only has one transverse direction. By
introducing m,n = 1,2, 3, the coordinates read

XM _ Xab _ (Xm5;X45,Xm4,an) — (xm;x47ymn’ym4)‘ (3‘31)

In this notation the non-zero components of the generalized metric for the SL(5) wave
given in 3.23 can be written as
MmS,nS - (2 - H)Hmn Mm5’n5 = H]Imn
Mm4,n4 = —Hl,, Mm4,n4 = _(2 - H)]Imn
Monans = —(H — D)y M™ = —(H — 1)I™ (3.32)
an,kl _ ]Imn,k:l an,kl _ Hmn,kl
Mysa5 =1 MBS — 1
where the harmonic function H is a function of X% = 2% only and for convenience these
two matrices are introduced

-100 10 0
Ipn=1]0 10| =1, Tynw = |01 0 | =1, (3.33)
001 00 —1

The generalized Lie derivative of the metric and the volume factor (a density) are given by
the same expressions as before (cf. (2.11) and (2.13)) with the Y-tensor for SL(5) being

1
YMN e = ZEaMNEaKL (3.34)

where these are five-dimensional permutation symbols which are tensor densities. We thus
have

1
LMy = RO My + 2MpaOn€" — iML(M|€a|N)Q€aLPaP§Q (3.35)
LA =My A+ 9peM. (3.36)

4The C-field is unaffected by the rescaling, only its field strength obtains a different factor in the action.
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We again pick a transformation parameter ¢ with non-zero components only in the
transverse directions but not along the worldvolume (and its dual). This can be described
by an SL(5) vector field

M — gab — (0, H$,0, H ™) (3.37)

where é and qgij are a constant scalar and dualized vector that later will become the
Goldstone modes once they are allowed a dependence on the worldvolume coordinates, H
is the harmonic function and «, 5 are constants determined by normalisability.

Using the generalized Lie derivative given above we compute myn = Le My

Mm5n5 = Mmdnd = Mmdn5 = —]ImntiH “OH
M5 45 = 2$8H «
Moot = —Lyn g GOH® (3.38)
Mimn,45 = %Hmn,quzklaH g
and, recalling that A is a constant for our solution,
A= LA = 0(pH). (3.39)

Now the four modes ¢, &12, (]313 and <1323 are allowed to depend on the worldvolume coordi-
nates ™ (and the hats are removed).

For the equations of motion we need Kjsn and R only with terms with two derivatives
on myn and A. There are no such terms in R as given in (3.6) but upon integrating by
parts they can arise. We thus have

Ky = MEL0R00myy éMKL8K8LmMN _ Oudn (3.40)
R= —;MMN(?M{?N)\ — Oy OmMN (3.41)
Inserting mysny and defining Ul = HI""0,,0,,¢ this gives
Kpsns = —(1+ aH 1)0,,0,0(H*OH) + %]Imanb(Ho‘@H)
Komiant = é}lmnﬂgb(HO‘aH)
Komsmi = —%amc’?nqb(H"‘aH) + é]lmanb(Hac?H)
Kys 45 = —%H_IDMHaaH)

(07
K = o H g aOp(H*OH) (3.42)

_B
12

1
K545 = ) @O (H*OH )

Kmn,45 = H_lﬂmn,klqugkl (HB@H)

1
K45 = —3 @O (HYOH )
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1 _
Kse = Zﬂkl,pqam&qa2Hﬁ
Ky =0

The volume factor equation gives
R=H"" <‘; + 1> O(H9H) = 0 (3.43)
which is solved by ¢ = 0.
Now we have 14 components of the projected equation of motion Py n* LKy = 0:
e three of the form K545 ~ Kiina + Kpins
Kis45 = (H — 2) (K124 + K1334) — (H — 1)(K12,25 + K1335)

Kos a5 = (H — 2)(Ki2,14 + Koz 34) — (H — 1)(K12,15 + K23,35) (3.44)
K355 = (H — 2)(K13,14 — Kog24) — (H — 1)(K13,15 — K23.25)

three of the form K445 ~ Kpina + Kpins

Kiga5 = (H — 1)(Ki224 + Ki334) — H(K12,25 + K13.35)
Kogas = (H — 1)(Ki2,14 + Koz 31) — H(K12,15 + K23.35) (3.45)
Ks3qa5 = (H — 1)(K1314 — Ko324) — H(K13,15 — K23.25)

three of the form K, 11 ~ Kpaga + Kpa g5 + Kps,ga + Kps,g5 with mn # ki

K303 = (H —2)Kia04 — (H — 1)Ky425 — (H — 1) K15 24 — HK5.25
—Ki293 = (H —2)K430 — (H —1)K1435 — (H — 1)K1534 — HK1535  (3.46)

)

—Kio13=(H —2)Kos34 — (H — 1)Koy 35 — (H — 1) Ko5 34 — HK25 35

two relating the Kyu4m4, Kmams and K55 components

H(Ki515 — Kos 25 — K3535) = (H — 2)(K1414 — Koa.24 — K34.34)

(3.47)
H(Kia15 — Koaos — Ksazs) = (H — 1)(K14,14 — Koa24 — K34.34)

and three relating K, »; with mn = kl and Kys5 45 to Kypama, Kmams and K5 ms

K912 — Ki313 = (H — 2)(Ki414 — 2K2404) — 2(H — 1)(K14,15 — 2K24.25
2
— (K — K — K

77 K44 24,24 34,34

)

+ H (K515 — 2K9595) + )
) = 2(H — 1)(2K14,15 — K24,25)

)

)

)

K912 + Koz 03 = (H — 2)(2K14,14 — Ko424
(3.48)
+ H(2K 1515 — Ko5.95) +

Kys45 — 2K1212 = 2(H — 2)(K14,14 — Koa04) +

.&m‘“’w

(
(
(K14,14 — Kog24 — K3434
(H —1)(2K14,15 — K24,25

—2H(K15,15 — K25,25) — — (K14,14 — K224 — K34,34

m\w
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The first and second block of equations can be combined to get cancellations, resulting in

three equations for ¢ ~ ~
D™ + 030" =0

09" — 0308 =0 (3.49)
81(2)13 + 82(1323 =0.

Defining ¢; = %eijkqgjk this can be written as

Oapg — O3pa = 0
0103 — D31 =0 (3.50)
Doy — D12 = 0.

All the remaining blocks of equations are either trivial or satisfied by ¢ = 0.
One would expect a non-zero right-hand side for the above equations of the form 0,,¢
to get relations between ¢ and ¢

O d(O*HY) ~ —Tn™P10,0,(8* HP) (3.51)

This does not only provide a condition for 3 to be equal to «, but also the three equations
needed to reduce the number of modes from four to one.

The reason for the zero on the right-hand side is due to a degeneracy in considering
the membrane with its three-dimensional worldvolume in a four-dimensional background.
There is only one transverse direction and hence only one contributing derivative 045 = 0.
So a term like

S0 OO HS — 6,,%6, 00 H® (3.52)

as it arose for the string vanishes for the membrane. It would be interesting to see if the
same calculation for the membrane derived from a wave in a larger extended geometry,
e.g. the (54+10+1)-dimensional extended space with manifest SO(5, 5) invariance along five
dimensions, would provide a duality relation between the ¢’s and <Z>’s that could be turned
into a self-duality relation resembling the result in [37].

4 Discussion

We have seen that strings and branes are null waves from the point of view of extended the-
ories. The BPS nature of these solutions has its origin in the fact that the null wave is BPS
and its reduction naturally gives rise to a BPS condition of charge being equal to tension.

There are immediate natural extensions to this work such as understanding how this
works for the supersymmetric theory and checking how this works for other branes such as
the M-theory fivebrane. There is also the the more ambitious question as to whether the
same analysis works for lower BPS objects such as 1/4 BPS states.

The Goldstone mode analysis provides a particularly interesting interplay between
worldvolume and spacetime approaches. The solutions all obey the section condition and
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the local symmetry variations used to calculate the Goldstone modes also obey the section
condition but there are still components of the variation, ¢, that are in the extended
directions. These are crucial in giving the Tseytlin string. Thus the relation to the section
condition in the target space and the chirality condition may be understood as follows.
From the point of view of the string world-sheet one should view the ¢ deformations as
components of a local symmetry variation in the extended dimensions but one that still
does not functionally depend on the dual coordinates. This is crucial since it means the
section condition is still obeyed in the Tseytlin string.

Other fascinating possibilities will be to extend this to branes that are non-BPS but
are thermodynamically excited. The hope of embedding brane thermodynamics in DET
and extended geometries is intruiging.

From this perspective there is an intriguing possibilitiy of how one should calculate
string scattering amplitudes. Many novel contemporary techniques have been developed
for understanding the amplitudes of the massless sector of many theories [70]. Now string
and branes themselves may be viewed as massless objects all be it in a theory with extra
dimensions. These objects being massless degrees of freedom fits well with the idea (pre-
viously expressed in [43]) that one may think of strings and branes as Goldstone modes of
the spontaneously broken duality symmetry. As such the appearance of nonlinear realized
duality symmetry (see for example [29] and references therein) in the target space is unsur-
prising from this perspective. Effective actions of sigma models with nonlinearly realized
symmetries in target spaces began with the effective action of pions, the Goldstone modes
of broken chiral symmetry.

Another direction of interest is to consider unsmearing the wave solution. It is un-
certain whether this can make sense since it will then break the section condition and yet
with Scherk-Schwarz theories the section condition is broken and with the localized KK-
solution [71] the branes become localized in a dual coordinate. Studying the particulars
of interesting backgrounds like those described in this paper and their localizations may
provide insight into futher possibilities.
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A Solution check

A.1 The wave in DFT

In this appendix we proof that the wave solution to DFT presented in (2.1) does indeed sat-
isfy the equations of motion (1.10) and (1.21) derived from the DFT action. We will actually
show that the stronger equation Kj;ny = 0 instead of the projected equation is satisfied.
Both R and Kj;n have three kind of terms: those just containing the generalized metric
Harn, those containing the dilaton d and those with the generalized vielbein gA v- The
vielbein terms are always proportional to the Y-tensor and thus vanish since our solution
satisfies the section condition. In our solution d is constant so all the dilaton terms vanish
as well as they are always acted by a derivative operator on. This leaves us to check the
metric terms. Recall that the harmonic function H is a funtion of the transverse y™ only,
so the only derivatives acting on H that give a non-vanishing contribution are the O,,.
We will split this task into several steps. First consider the term that is proportional
to O HELONH K. Using the notation of section 2.2, we can expand the indices to get

OnHEL OV H i, — O HPO, Hap + O HF O M
4 O H 0, Hop + O MO, Hy + 20mH 0 H
= 1l 0 HOn (2 — H) + 1130, (2 — H)0, H

' (A.1)
+ 2] 0, (H — 1)0,(H — 1)
=(—2-2+4)0,H0,H
=0.
Next consider the term proportional to Oy HELOrH . It vanishes as well
O HE POk H N, — B H M O o = 0. (A.2)

Similarly the terms in K,y and R where the derivatives are contracted with the generalized
metric (in any combination) vanish since the only derivative we need to consider is Oy,
but upon contraction this forces both indices on H to be of kl type and H* = 6* so its
derivative vanishes.

Thus we have shown that all terms in Kj;yand R are zero and therefore the equations
of motion is satisfied by our solution.

A.2 The wave in SL(5)

As for the DFT solution, we have to check that the solution presented in (3.23) is actually
a solution to the equations of motion (3.17) and R = 0 of the extended geometry of SL(5).

Before we insert the metric into Kj;ny and R, we note some simplifications. The
harmonic function H is a function only of the transverse coordinates, just z* = X5 in our
case. Therefore the only derivative that yields a non-zero result is d45 which we will simply
denote by 0. Thus, just as in the DFT case, terms like

Ox MELOL My,  OuMEEFO Mgy,  MELOLOMMEKN, (A.3)
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that is terms where a derivative acts on a metric which is contracted with a derivative,
vanish since Mys 45 = 1.

The volume factor A is a constant for our solution, so all terms with 0A also van-
ish. Furthermore, since H is a harmonic function, it is annihilated by the Laplacian and
therefore

MKLBK(?LMMN = 82MMN =0 (A.4)

since all the components of M,y are linear functions of H.
With these simplifications in mind, most of the terms in Kj;y and R vanish trivially.
We only need to check two terms explicitly, namely

8MMKL8NMKL and MKLMPQaKMMpaLMNQ. (A.5)

Using the notation of section 3.4, we start with the first expression and expand the indices
to get
O MBEEINMpcr, — OMFP PO M5 15 + OMFYLOM ey 14 + 20MFH 1O M5 14
+ OMFPII My by + OMPPPOMy5 45
=1""1,,, [0HO(2— H)+ 92— H)OH +20(H —1)0(H —1)] (A.6)
=3[-1-1+2]0HOH
=0.

Similarly we can show that the other expression in (A.5) vanishes

MELEMPR0 My pOL Mg — MPPPBIOM s psOM.g5 + MPEAOM s ps M ga
+ 2MPP O M g s OM N ga
4 Mkl’panM,klaMN,pq + M45’458MM,458MN,45
—[H - (2-H)—-2(H - 1)]I"L,,l,,0HOH
= [H —2+H —2H +2|1,,,OHOH
_o. (A.7)

We have thus shown that all the terms in Kj;ny and R vanish and the equations of
motion are therefore satisfied by our solution.
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