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1 Introduction

String theory contains various extended objects such as fundamental strings, solitonic five-
branes, and Dp-branes. These objects are known to couple to the standard background
fields; the B-field or the Ramond-Ramond fields. If we consider a compactification on a
seven-torus, T4 o, there arise additional objects, called ezotic branes [1-6]. The exotic
branes can exist only in the presence of compact isometry directions, just like the Kaluza-
Klein monopoles, and have the tension proportional to ¢ with o = —2, -3, —4. Among
them, a 5%—brane, which has two isometry directions, has been well-studied recently [4-16].
Since the 53 background has a non-vanishing (magnetic) Q-fluz [8, 9], we can identify the
53-brane as an object that magnetically couples to a bi-vector field 3% whose derivative
gives the @Q-flux. This can be shown more explicitly by writing down the worldvolume
effective action of the 53-brane [12, 15].

If we perform an S-duality transformation, the 52-brane is mapped to another exotic
brane, called a D5o-brane, which is a member of a family of exotic p-branes, denoted by
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Figure 1. A family of exotic branes and the duality web.

Dp7—p [2, 3]. If we adopt a notation used in [1, 6], the exotic p-brane, which has (7 — p)
special isometry directions, is denoted by pg_p (ny---np,my---my_p) since the mass is
written as

1 Rn ..
M = !
ggls < 1%

s

2
.Rnp> (Rm ';;mep) (R;: radius in the z'-direction), (1.1)
S

where z™ are the extending directions while 2" are the special isometry directions. They
are also called the higher Kaluza-Klein branes [3], since the quadratic dependence on the
radii in the isometry directions is similar to the case of the Kaluza-Klein monopole, KK5=
51 . For the special case of p = 7, we frequently denote it by NS7 instead of 73. The duality
relation between the standard branes and the exotic branes is summarized in figure 1.

In spite of the presence of a symmetric structure between the exotic branes and the
usual branes (see figure 1), little is known about the exotic branes; e.g., the background
fields which couple to the exotic branes have not been studied in detail, other than the
case of the 53-brane.

The main interest in this paper is to identify the background fields which couple to
the exotic branes and to write down the effective supergravity action for the background
fields. For the 5%—brane, the relevant background field is a bi-vector 5% which is a function
of the standard NS-NS fields. The effective theory for the $-field has been constructed
in a series of works [17-21] and is called the S-supergravity. On the other hand, for the
Dp7_,-brane, the relevant background field is expected to be a (7—p)-vector ¥17=» whose
derivative is called the non-geometric P-fluz (see [22-24] where the v-fields are introduced
in the study of the exceptional generalized geometry, [5, 25, 26] where the relation between
mixed-symmetry tensors and exotic branes is discussed, [12, 15] where the effective D5o-
brane action is written down and the D5g-brane is found to couple to a bi-vector 7%
magnetically, and [20, 21] where a possible relation between the polyvectors v and exotic
branes is discussed). However, the definition of the y-fields and the effective action for the
~-fields are still not fully understood.

In this paper, assuming the existence of some isometry directions, we construct effective
actions for various mixed-symmetry tensors that couple to exotic branes. We consider the
cases of the exotic 53-brane, the 1$-brane, and the Dp7_,-brane, and argue that these exotic



branes are the magnetic sources of the non-geometric fluxes associated with polyvectors 54,
B and 4% 7-» | respectively. As it is well-known, an exotic-brane background written
in terms of the usual background fields is not single-valued and has a U-duality monodromy.
However, with a suitable redefinition of the background fields, the U-duality monodromy
of the exotic-brane background simply becomes a gauge transformation associated with a
shift in a polyvector (which corresponds to a natural extension of the [S-transformation
known in the generalized geometry). This kind of field redefinition and the rewriting of the
action in terms of the new background fields are the main tasks of this paper. We further
find a new instanton solution that corresponds to the electric source of the non-geometric
flux, whose existence has been anticipated in section 7 of [5].

This paper is organized as follows. In section 2, we review the supergravity description
of various defect branes with an emphasis on the exotic duality [5], which relates the
objects described in the upper half (exotic branes) and the lower half (standard branes)
of figure 1. In section 3, we review the 3-supergravity and examine the 53-brane as the
magnetic source of the @Q-flux. We also find an instanton solution of the [-supergravity
that has the electric charge associated with the @Q-flux. In section 4, utilizing the
techniques of the S-supergravity, we derive the effective action for the bi-vector ¥/ (whose
derivative gives the non-geometric P-flux), and find a globally well-defined solution that
corresponds to the 5§—brane. In section 5, we derive the effective actions for various
polyvectors and show that the (simplified) action of the [S-supergravity and the action
obtained in section 4 are reproduced as special cases. We then find two kinds of solutions
with either the magnetic or the electric charge associated with the non-geometric flux.
Section 6 is devoted to summary and discussions.

2 Supergravity description of defect branes

In this section, we review the supergravity solutions corresponding to various defect branes,
and discuss the SL(2,Z) duality [2, 3] which relates the standard branes and the exotic
branes. In the following, we basically follow the notations of [16].
All defect-brane backgrounds considered in this paper can be obtained from the fol-
lowing seven-brane background by performing the T- and S-dualities:
7-brane: ds? = p;1/2 (p2 |2 dzdz + dmgg,,,g) (z= relf =gzl + i:U2) ,
e2¢:p52, c© =p1, c® = —pglthdx3/\~--/\dx9.

This background satisfies the equations of motion for the type IIB supergravity as long

(2.1)

as the functions p = p; + ip2 and f are holomorphic functions of z. In the following, we

choose them as p(z) = i(o/27) log(re/z) = (0/2m) [0 + ilog(re/r)] (re: positive constant)

and f(z) = 1, which makes the above background the well-known D7 background. Here,

the value of o depends on the duality frame (see table 1) and it is now given by the string

coupling constant; op7 = gs. Note that in the solutions described below, we can always

redefine the holomorphic functions as (see [27])
_ap(z)+b

p(z) = p'(2) = o)+ d’ f(z) = f'(z) = (cp+d) f(2), (
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Table 1. Values of the dimensionless constant ¢ in various duality frames. The directions z™, x™¢,
and z‘ are the same as those appearing in the expressions for the background fields.

which corresponds to the SL(2, Z) symmetry in the type IIB theory. Note also that all back-
grounds considered in this paper, by construction, have isometries in the 03 - - - 9-directions.
The defect Dp(n; - --n,) background, which corresponds to a Dp-brane extending in

the 2™, ... 2™ -directions and smeared over the remaining directions, ", ..., ™77, of
the seven-torus T4 ¢ (n;,m; = 3,...,9), is given by
2 —-1/2 2 - 2 1/2 , 9
Dp : ds = p2 / (p2 ‘f| dz dz + denr“np) + p2/ d$m1"‘m7—17 ’
o(7-p) — prdz™ Ao Ada™r 020 — p;%p , (2.3)

C(p+1) - _p2_1 607’11~.-7me77p-~.m1 dt /\ dxnl /\ e /\ dxnp 9

where the totally antisymmetric symbol is given by €p3..9 = 1 and the indices are not
summed. On the other hand, the exotic p-brane background, Dp7_,(n1 - - - np, mq - - - m7_p),

is given by
2 1d 2 2 P;/Q 2
Dp7_p :odst = ? (p2 |f’ dzdz + dxom‘..np) + ﬁ dxm1~--m7_p )
2
3-—p
2
O7-p) — _% dz™ A .- Adg™r . @2 = (/)22) : (2.4)
Pl ol
1 ’P|2
crtl) — y COm dt Ada™ A - Ada™ .

As it has been noticed in [2, 3], this background is obtained from the Dp-brane background
through the replacement

p(z) = —p ' (2),  palfPP = palfI, (2.5)

which is a special case of the SL(2,Z) transformation given in (2.2). This kind of duality
between a usual brane and an exotic brane is called the exotic duality [5].

The defect (or smeared) NS5(n; ---ns5) and the 53(nq - - - ns, mimz) backgrounds are
also related to each other through the exotic-duality transformation (2.5):

NS5 : ds? = po |f[*dedz + dad,, s + p2da?, ., 27 =p2,

(2.6)
B® = pda™ Ade™, BO) = pleon, mamam, dE Adz™ Ao A dz"



2 - P2 P2
5 : s’ = palf? A5t dafy o, + T Al =
p1 lo|” @7)
B® = _W dz™ Adz™2, B = . €0ny--nsmam, AEAdT™ A - Adz™ .
p

Applying a general SL(2,Z) transformation to these five-brane backgrounds, we can obtain
the background of a defect (p, q)-five brane [6, 28], which is a bound state of p defect NS5-
branes and ¢ 5§—branes. Note that we can perform the SL(2,Z) transformation even in the
type IIA theory, since, in this duality frame, the SL(2,Z) transformation is realized as a
subgroup of the T-duality group.

The background of a defect KK5(ny - - - n5, m)-brane smeared in the x‘-direction and
its exotic-dual background are given by

KK5: ds? = py \f|2 dzdz + da:gm,_,ns + pa da? + p2_1 (dmm —p1 de)Q )
=1, B®=o,

anti-KK5 :  ds® = po | f|*dzdz + dxgm_,ns + poda?, + pyt (dxe + p1 dxm)2 ,
=1, B®=0.

(2.8)

(2.9)

The latter corresponds to the background of an anti-KK5(ny - - - ng, £)-brane smeared in the
z™-direction. Namely, under the exotic-duality transformation, the Taub-NUT direction
is interchanged with the smeared direction. The background of a bound state of these
KK5-branes is also considered in [28].

Further, there are the following pairs of strings and pp-waves:

Fl1: ds®= p2—1 (pg |f|2 dzdz + dx%n) + dx%u,__m6 , e = p2_1 , (2.10)
BO) = 5 da™ A---Ada™s, B = —pr;l €0nmy--me At A dx™
Ipf? _ pf?
1§: ds* = r (pg |f|2dz dz + dx%n) + dac?nl,,,m6 , e = oy
N ‘p’2 (2.11)
B6) — _W dz™ A---Ada™, B@ = o €0nmy--mg At A dz”™
p
P ds? = —2dtda" + padal + [P dedz + dad, ., (2.12)
e = o3, B =, |
1,6 P2 _
Oz(; ). ds? = —2dtdz" + W dz? + |p|2 |f]2dzdz + da:?nl,,,m6 ,
) (2.13)
e2¢ — ﬂ7 B® —o.
P2

If we perform a timelike T-duality in the DO or the D07 background, we obtain the
following defect D-instanton (or more precisely the defect EO-brane [29]) background or
another instanton background, to be called D(—1)s:

D(—1) [IB*]: ds? = e?/? (|f|2 dzdz +dads.q), €* =p3,
C’(S):pldt/\dx?’/\~--/\dx9, C(O):pg_l,

(2.14)



2
D(~1)s [IBY]: ds® =2 (|pP |fPdzdz +dads.q), =2,
| ’2 (2.15)

C(S):_ﬂdt/\dx?’/\.../\dxg7 C(O):ﬂ

ol p2
These backgrounds satisfy the equations of motion for the type IIB* theory of [29] since we
have performed a timelike T-duality. The corresponding backgrounds written as solutions

of the (Euclideanised) type IIB theory are given by (note that the Euclideanisation is given
by the replacements ¢ — iT and C(©) — iC(©) and then C® is defined by dC®) = —*dC(O))

D(—1) [B]: ds®=e?/? (\f|2 dzdz +dr? +dad.q), e* =p3,

(2.16)
C(S):—pldT/\dxg/\---/\dxg, C(O):pg_l,
2
D(—1)s [IB]: ds? =e®?(|p|*|f[?dzdZ + d7? +dzd.), *= ’p24,
p’2 (2.17)
c® = Pldr AdaP A Ada? co _ el
Ipl P2

Note that these objects are not related to each other by an S-duality, as opposed to the case
of seven branes. Further details about instanton backgrounds are discussed in section 5.4.

The uplifts of the above defect backgrounds to eleven dimensions are given in [3, 5, 6]
although we do not consider them in this paper.

3 [(-supergravity

Recently, it has been pointed out in [4] that the 53 background (2.7) has a T-duality
monodromy around the center. That is, globally, we have to glue the background fields in
different coordinate patches using a T-duality transformation. This kind of non-geometric
background which requires to use a T-duality transformation as a transition function is
called a T'-fold. More generally, a non-geometric background which requires to use a larger
duality transformation in string theory, i.e. the U-duality symmetry, is called a U-fold [30].
In the special case of T-folds, we can globally describe the backgrounds within a frame-
work of the double field theory (DFT), which is a T-duality covariant reformulation of the
low-energy supergravity theory [31-45]. In DFT, in addition to the usual spacetime coordi-
nates ¢ (i = 0,1,...,9), we also introduce the “dual” coordinates &;, and treat them on an
equal footing; (z!) = (#;, ') . The fundamental fields of DFT are the generalized metric

G' -G'B
(H]J) = (B G—1 a_ BG—1 B) [G = (GU) 5 B = (sz)] s (3.1)
and the (T-duality invariant) dilaton e=2¢ = /|G| e=2%. According to a constraint, called
the strong constraint, these fields can depend only on the half of the coordinates. If we
choose the background fields to depend only on the usual coordinates !, the DFT action
reduces to the standard ten-dimensional action for the NS-NS fields. In DFT, a choice
of coordinates corresponds to a choice of a T-duality frame, and indeed, a generalized



coordinate transformation, which is a gauge symmetry of DFT, corresponds to an O(10, 10)
transformation. More explicitly, under a coordinate transformation, = — 2/ (2!), the
generalized metric (which is a generalized tensor) transforms as [43]

1 (02K 02/ ox', oz’
My =Fi™ Fr' Hrr, ]:IJE2<:E i o 2t >,

0x'l dx; = Oxy O’ K (3:2)

where indices are raised or lowered by using the O(10, 10)-invariant metric, n = (93).
Now, let us consider a generalized coordinate transformation

=g, & =2, (3.3)
in a standard background that does not depend on the dual coordinates #; . Since F;7 = 67,
the functional form of the generalized metric H;; is invariant, although the background
fields become functions only of the dual coordinates z; . In the “dual” spacetime, spanned
by the dual coordinates #;, a natural set of background fields," which we denote by
(G, p, B), is given by

G = (EN (BN Gu, E=(Ey)=(Gy+By),
B = (E*l)il€ (Eil)jl Bu, e \/@ =e 27 V/|G].

These “dual” background fields satisfy the standard ten-dimensional equations of motion
for the NS-NS fields with the following replacements:

(3.4)

- i, 0;— 5i, Gij —~ GY , Bij — BY s |G‘ e 2 |é‘ e %%, (35)

Under the generalized coordinate transformation (3.3), the 53(34567,89) background
is mapped to the dual background;

5. d5? = GYdz; di; = py b |f| 72 dzdz 4 diEdguser + p2 dily ",
- 3.6

B(Z) = Bij dfi/\di?j = —pP1 dfs/\di’g, 6295 = ‘f|_2 p2_1.

N

This background has the same form with the (geometric) NS5(34567) background in the
usual ten-dimensional spacetime (apart from the 1-2 components of the metric and the dila-
ton). That is, the 53 background written in the dual fields (3.6) is a geometric background in
a sense that the monodromy, p1 — p1+0, is just a gauge transformation associated with the
B-field.? The redefinition of the background fields (3.4) is essential in the formulation of the
[b-supergravity, although we do not introduce the dual coordinates Z; in the S-supergravity.

For example, the string sigma model action for the dual coordinates X;(o) can be written as (see
e.g. [30])
1

4

S =

/ Aoy (77 G+ P BY) 9, X; 05K .

2See section 5.1 of [16] for another explanation that the 53 background (described as a doubled geometry)
is geometric; the monodromy is realized as a generalized diffeomorphism there.



3.1 The action and its reduction

In the S-supergravity, the fundamental fields (gs;, ®, B7) (which depend only on the usual
ten-dimensional coordinates x%) are defined by

~ ~ii _ —1\ 1k —1\Jl —2 - _
iy = Ea By G, 7= (E"Y)" (BN Bu, e VI[gl=e* V|Gl (3.7)

Note that the metric §;; is the inverse of the dual metric G¥ introduced in (3.4), and
accordingly the dilaton ¢ is different from ¢ given in (3.4). Further, note that B behaves
as a bi-vector under diffeomorphisms (in the standard ten-dimensional spacetime) although
its functional form is the same with the “2-form” B% in the dual spacetime. In a series of
papers [17-20], an effective action for (g;;, ®, B'7) was proposed and it was shown that the
action is equal to the usual action for the NS-NS fields (up to boundary terms) if we rewrite
these fields using the original background fields through the relation (3.7). The effective
action, written in a manifestly invariant form under diffeomorphisms, is given by [20]
S[Gij» &, 57 ] = % /dl% | 7% <R+ 457 99 9;¢ + R(Gij, 67)
b 1 ... 9 . . L9 (3.8)
-3 |R7F|” + 4189 0;6 — T (Gij, B7)] > ;

where we defined

—ij R ENE B B N R

R (i, 5”)5—5“8le +5218lrk +0, Iy =TIy,
T S

Gij» BY) = 3ij R " (Gij. BY)

i1 _ L R o 1 -

k=g 0kt (=B O = 7 g + B Omg¥) + G " OB — S 0B (3.9)

(

=

i Ay — T gk Lo ij - o skl Fik
T'(ijs B7) = Ty = 068" = 5 57 310 0,9 = V™,
RZ]k’ = SBZ[ZaZB]k] ’ ‘Vil"-ip‘2 = Ij giljl L Nipjp Vil..-ip VJl]P .

Note that we can assume that any derivative 0; contracted with 3 vanishes, as long
as we consider the defect backgrounds which satisfy 52 = 0 (a =1,2) and have isometries
in the 03 - - - 9-directions. Under the assumption, the above action reduces to the following
simple form [17]:

- 1 s R o

S[Gij, &, B7] = R e 20 <*R +4do A% — 7 Gk G QW A *Q@W) . (3.10)
10

where the Q-flux, QW = Q,¥ da* = dBi, is a mixed-symmetry tensor (i.e. a bi-vector-

valued 1-form).? 1In this case, the Bianchi identity and the equation of motion for B

become

O =72 gy g QUM (3.11)

dQ(l)ij =0, dQS)) =0, Q

3In fact, this is not a tensor as we can see from the definition. However, if we assume 82 = 0 (a=1,2)
and the existence of isometries in the 03 - - - 9-directions, Q" transforms as a tensor under diffeomorphisms,
2’ = 2'2(2,2%) and 2P = APq 29 (p,q=0,3,...,9, APq € GL(8,R)), which respect the assumptions.



Assuming the isometries in the 03 - - - 9-directions and that the background fields satisfy
Jap =0 and /2 =0 (a= 1,2, p = 0,3,...,9), we can show that QE?) has the following
form:
QS-)) = [qilj(:cl, z?)dat + q?j (zh,2?)da?] AdEAda* A Ada?. (3.12)
Then, using dQE?) = 0, we can always choose a gauge in which the dual potential BNS-;),

defined by QE?) = dﬁi(j), is proportional to dt A da® A--- Ada?;

38 — q?j(:nl,xQ) dt Adad3 A - Ada?

”0 _ 1,1 2 1 2.1 .2 2 (3.13)
[dqij =q;j(z,27%)da + qj;(v",27%) dz ] .
If we define a contraction of a mixed-symmetry tensor Tz-(f)”in by
® —_ 1 _@® da QaFs—n
Virwin = (g Z )l Thr-hs—nir-ein,irwi 0 Ao AT, (3.14)
o (er®,) = r®)
G1in ) kyockg—n T TR ks—pi1in, d1vin

equation (3.13) ensures that LBZ(;;) is a (2-tensor-valued) 6-form. Further, the relation

- 1 -
A8 = 5 LB A daP A dad (3.15)
is shown to be satisfied.

3.2 5§-brane as a source of the Q-flux

By using the fundamental fields of the 3-supergravity, the 53 background can be written as

53 . d&® = pa|f|* dz Az + dafauser + py  dage, € =pyt,

~ ~ (3.16)
B = —pp, ﬂég) :pgldt/\dx?’/\--~/\dx9,

which indeed satisfies the equations of motion for the S-supergravity [8, 14]. This back-
ground is quite similar to the NS5-brane background (2.6), although the 8-9 components
of the metric and the dilaton are inverted. Since the monodromy around the center simply
becomes a gauge transformation (589 — B9 — o), called the S-transformation, we can con-
clude that the 3-supergravity can describe the 53 background globally.* On the other hand,
the NS5 background, obtained from (3.16) with the replacements (2.5), is not single-valued
and non-geometric. Namely, the S-supergravity can be considered as a reformulation of the
usual supergravity which is suitable for a global description of the 53 background, instead of
the NS5 background. Similarly, all effective actions proposed in this paper are suitable for a
global description of an exotic-brane background, instead of a standard brane background.

“In fact, the background fields include a cutoff radius r. and the geometry gives a good description
only for r < r.. However, we can smoothly extend the geometry beyond the cutoff radius by introducing
additional defect branes, which makes the total energy finite [27, 46], and then the cutoff radius 7. can be
interpreted as the distance between the 53-brane and a neighboring defect brane [7].



Now, in order to discuss the coupling of the mixed-symmetry tensor ij) to the 53-

brane, we comment on the relation between the definition of 3% or BZ-(;) and that of the
corresponding one, B™" or B, introduced in the study of the effective worldvolume
theory of the 53-brane [12]. In [12], the 2 x 2-matrix B"" is defined by

an _ det an
" det B,

(B~HY™™  (m,n =38,9), (3.17)
which is obtained by applying a double T-duality Tgg to By,,. On the other hand, B,
defined in (3.7), is obtained by applying the T-dualities in all spacetime dimensions to Bj;.
In order to compare these quantities, we assume that the background satisfies G, = B =
0(u,v=0,...,7, myn =8,9). In this case, we can easily show that the 8-9 components of
Bij coincide with B™" . Moreover, with the same assumptions, the definition of Bgm (see
(5.14) of [12]) becomes®

(det By )?

dLgLSBSg = 672(1) det Gmn det G
mn

*dB% (3.18)

where % is the Hodge star operator associated with the metric GG, . Using that g;; and
e~ 2% are now given by

_ G 0 _9d — _
(9i5) = ( " det By > , e 2¢ det Grmn = € 2¢ \/det Gmn (3.19)
0 det Gy — MM

and using the isometries in the 89-directions, we obtain
B = e 2% gy, gor B, (3.20)

which coincides with the definition of Bg) given in (3.11) with the identification B8 = 59 .
For a general case where G, and B,; are no longer assumed to vanish, definitions of B
and B™" are different. However, this is not a problem since the relation between the field
3% which magnetically couples to the exotic 53-brane, and the original background fields
(Gij, Bij) depends on a choice of the duality frame. Namely, under a duality transformation

{Gij, Bij, -~} = {Gi;(Gij, Bij, ), Bij(Gij, Bijy -+ ), -+ } (3.21)

the relation between B% and the original fields is changed; (%Y = i (Gij, Bij) =
Bij(G;j, Blfj). In the following, we will basically use the relation 8% = Bij(Gij, Bi;) and
omit the tilde, since with this definition, we can write down a covariant action (3.8) for 5%

with all 7-j components.

SUnder the assumption Gpm = Bui = 0, H™ and 6., appearing in (5.14) of [12] vanish. In addition,
det(Gpp 4 Bnp) in the same equation should be corrected as (det B, )?/(det Gimn) -
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As shown in [12, 15], the Wess-Zumino term of the 53(34567, 89)-brane action (smeared
in the isometry directions, z® and z”) can be written as

89
52 ]9 dx A daﬁ 1UJ52 n (8)
Sy = —pls2 M / Lﬁ = - B
W % MexT2, (QWRS)(QWRsa) (27Rs)(27R9) Jpmgurz,

= —li53 /Bég) A (z — X(€)) (n*: number of the 53(34567, 89)-branes) (3.22)

nPrn P — X ()
(27 Rp,) - (27 Rp,)

(677 (z — X(¢)) de! Ada?, PP E 7)),

where we used (3.15) and My is the worldvolume of the 53-brane, and the Ramond-Ramond
fields and the worldvolume gauge fields are turned off for simplicity. Now, let us consider the
dual action which is equivalent to (3.10), and additionally includes the Wess-Zumino term:

2k 2

s / B8 A 6P — X(©)).

~ ~ _ 9% [~ = ~ - .7 1 7 ~ik ~7 -
S Gi> &, 8] = [ 2 (3 R+4d¢A*d¢)—4e2¢g’“gﬂQ§?)A*Q$)]

(3.23)

Taking a variation with respect to 61(,8(%, we obtain the following equation of motion:

1 H53
o qoWra— """ pas2( X () de! Ade2. 24
27, 19 Ry (2nRy) " 0 (7 K@) drnds (3.24)

See [12, 14] and appendix D of [16] for the above Bianchi identity for the @Q-flux in the
presence of the 53-branes (or the Q-branes). From (3.24), we conclude that the current for
the 52(ny - - - n5, myms)-brane (in the absence of the Ramond-Ramond fields) is given by [16]

- _ (27 Ry, ) (27 Ry )
*]5§(n1...n5,m1mz) - 25%0 [152
2

dQWmims (3.25)

Having identified the 53-brane as a magnetic source of the Q-flux, it is then natural to
investigate an object which electrically couples to the g-field. In the S-supergravity, such
an object will be described by the following (Euclidean) solution:

5 = |f[?dzdz + dr* + dadyser + p2dagy, € =pa,

(3.26)
Bég) = —prdr AdaP Ao Anda®, B :p2—1

Indeed, this background has a monodromy given by the shift in the mixed-symmetry tensor,
Bég?..g,gg — ﬁ(gg?_,g’gg — o, which gives a non-zero electric charge associated with the Q-flux;

/ B 459 = —0 (2nR0) (2Rs) - (21Ro) (3.27)
Since 8% is a (bi-vector-valued) 0-form, the object which electrically couples to 5% will

be an instanton that has two special isometry directions, z® and z°. See section 5.4 for
further details about instanton backgrounds.
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Now, let us consider how the F1 background (or the 1§ background) can be described
in the [g-supergravity. If we use the relation (3.7), we will notice that, apparently, we
cannot express the background (2.10) (or (2.11)) in terms of the fundamental fields of the
B-supergravity since the matrix F;; is not invertible. However, if we consider a gauge
transformation Bps — Bos —a (a: constant) in the defect F1(3) background (2.10), we can
calculate (g, o, B4

Fl: d&°=|ffPdedz +e® (dt? —dad) +dat.y, e =a?(2a '+ o),
a2 (3.28)

(8 _ _ 2 3 9 03 _ -1
03——a pldt/\dx /\/\dx, B —m—a .

If we choose a = 1 and interchange ¢ with 23, and perform a shift in the cutoff radius 7.
which makes 2 + pa — pa, the F1(3) background becomes

F1: ds%=|f]*dzdz + o0 (—dt* + da3) +dai.g, 2 = P2,

(8 _ 3 9 03 1 (3.29)
Bog = prdt Adz® A--- Ada”, B9 = —pt 41,
which is globally well-defined. Similarly, the 12 background becomes
190 a5 = |p? [£? dzdz + e (—dt? + dad) + dad 5, o = Ipl22 ’
o p
5(()?:—|p|12dt/\dx3/\---/\dx9, 503:_L+1’
P P2

which is not single-valued as is the case with the original background (2.11). A possible
way to globally describe the 1§ background is discussed in section 5.3.

4 Ramond-Ramond counterpart of the 3-supergravity

In the previous section, we reviewed the [-supergravity and explained that it is suitable
for describing the non-geometric 53 background. If we perform an S-duality, the 53-brane
is mapped to the D5y-brane (or the 5§—brane). At the same time, the non-geometric Q-
flux, sourced by the 5%—brane, will be mapped to another non-geometric flux, called the
P-flux, which is related to the Ramond-Ramond 2-form C'® instead of the B-field. In this
section, we write down an effective action for the P-flux utilizing the techniques of the
[B-supergravity and examine the D5s-brane as a magnetic source of the P-flux.

4.1 The effective action for the P-flux

Let us begin with the type IIB action in the ten-dimensional Einstein frame:

1 dr A *Ed?
S =— Rp — ———
2&%0 / {*E E7 79 (Im 7)2

(4.1)
L (dC® — 7dB@) A xg(dC® —7dB®) - i FO AsgFO |

2Im T
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where the Chern-Simons term is dropped since it is irrelevant for the following discussions,
and we have defined the axio-dilaton 7 by

r=C0 4ie?. (4.2)
If we redefine the axio-dilaton by
o~ - —C0) L je¢
TEC(O)+16_¢E—1/T:|T—;_2IG, (4.3)
the action becomes
1 d d
5= /= Saage
K7 1 mT 1 (4.4)
2~ (2 2) = (2 5 5

Then, in the “string frame” given by g;; = e?/2 Gg- = e?/2 |7| G% = |7| Gyj , the action can
be rewritten as

1 - - - ~ 1
S=_—% /e—2¢ FR+4d$A¥dd— = dC® A¥dC®)
2K7) 2
- [[060 n5080 + (a5 - @0 ace) rx (@B -GV ace) s
K10

L Lo Amﬂ .
2
In a simple case of B® = (0 = C® =, the above action reduces to

(G, & C?] = 2;%0 /6—25 <;§+4d5/\;d5 - %dC@) A¥d0(2)> : (4.6)

which has the same structure with the NS-NS action. We can thus use the techniques of
the S-supergravity to rewrite the action into the following form:

y 1 o y _ y
S[ggja ¢, 77 =52 d0z\/|g'| e72¢ (R' + 49" 0;00;¢ + R(gi;, v7)
. 1 .9 .. . .9 (47)
- 589 1 00— Tty /).
where ggj, 74, ¢, and SY* are defined by
<kl i —1\%k —1\Jl 2 —2¢' —24 -~
gy =FaFug", 7= E)TE O e Vgl=e Il 18)

F = (Fy) = (3 — CP) = (G —C)), s =341 oM,

5] ij

and R’ is the Ricci scalar associated with ggj ,and R and T are the same as those defined
n (3.9). We then make a further redefinition

gi=c gy, =, (4.9)
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which brings the action into the following form:

g[f]ij, an Vij}
1 - y 1 ~ -
=57 /dlox ] [e_2¢ (R+4f]w 8i¢aj¢) 5 e 69 |SZ]I€’2 (4.10)
10 ’
Cud (. wid g i g 2
+e 17 (giﬂ% (e Gij, ¥7) + 4177 00 — T (e Gij, v7)] )}

To summarize, we performed the redefinition of fields

_ 1/2
o |det(e ¢Gij)| /

~ 2 Kl ii =1\t 1\ 3 ~(2)
Gij det 12 e d)FZ‘k Fle , ’y” = (F ) (F ) Ck:l ,
. |t(e¢wG| ! (4.11)
2¢ _ |4et€ ij)| 26 b 2)
T Taer, ¢ Fy=e Gy =Gy

and the resulting action (4.10) is equal to the type IIB action with B?) = () = ¢ =
0, up to total derivative terms. As we expect naturally, the above action can also be
obtained by making the following replacements (like the S-duality) in the action of the
[B-supergravity:
gij = e % Gij, o= -0, B Y.
As in the case of the fS-supergravity, if we assume that any derivative 0; contracted
with 4% vanishes, the above action reduces to the following simple action:

- - S 1 - L
S{Gij, ¢ 77 ] {e% (% R+4d¢/\§<d¢)—1e’4¢ ik G PO AZPOR | - (4.13)

a 2&%0
where we defined the P-flux by P = P, dak = dyW.

4.2 5§—brane as a source of the P-flux

The D52(34567,89) background written in the new background fields (g;;, b, v ) is given by

D5, : d3® = p,/” (p2 | £ dz Az + dagauser) + py P dady, € = ps, (4.14)
v = py, 'yég) = —pQ_Idt/\dm3A~--/\dx9.

We can confirm that this background indeed satisfies the equations of motion derived from
the action (4.13) (see (5.13)—(5.15) for the explicit form). Note that this is a geometric
background since the monodromy is given by a gauge transformation that corresponds to
the shift in the y-field, % — 4% 4 o, to be called the ~-transformation.

According to [12, 15], the Wess-Zumino term of the 53(34567,89)-brane action
(smeared in the isometry directions, #® and z°) is written as

2
St =—nsy [ 6@ - X (), (1.15)
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where the B-field, the Ramond-Ramond 0- and 4-forms, and the worldvolume gauge fields
are turned off for simplicity, and §%°(z — X (€)) is defined in (3.22). As in the case of the
52-brane, if we consider the action

- 1 9% 1~ 5 T~ Al L 4g ik - o
(4.16)

I s
~ sy [ 58P - X(€)).
and take a variation with respect to 71(,2, we obtain the Bianchi identity for the P-flux with
a source term:

1 M52
—dPWPa— 5 pPa§2(p — X(£))dz! Ada?. 4.1
2, Ry (2nRg) " 0 T XA ndr (.17

As in the case of the p-supergravity, we can further find a solution corresponding to
the (Euclidean) background of an instanton that couples to v/ electrically. The explicit
form of the background fields is given later in the next section (see (5.17)).

5 Effective actions for non-geometric fluxes

In this section, we derive the effective actions for various polyvectors ~"1%7-» which are
generalizations of the (simple) action (4.13) for 4% to arbitrary (7 — p)-vectors. From
these actions, we can also obtain the effective actions for the non-geometric Q-fluxes; Q%
and Q% %. Since the derivation presented here does not rely on the results of the S-
supergravity, as for the action for the @-flux, the derivation can be regarded as another
derivation of the (simplified) S-supergravity action. Further, we find two kinds of solutions
which correspond to the exotic-brane backgrounds and their electric duals.

5.1 Effective actions for the P-fluxes

In this subsection, we consider the following ansatz, which is crucial in deriving the effective
actions for the non-geometric P-fluxes:

ds® = Gap d2? dz® + Gpq daP dz? (ie. Gap=10),

B® =0, Cg;rlzp =0, isometries in the zP-directions.

(5.1)

It is important to note that, throughout this paper, the bold indices a, b, ¢ run only over

1,2, while p,...,t run over 0, 3,...,9. Now, due to a technical reason explained below, we
start from the type II* theory [29]. Since the B-field is assumed to vanish, the action is
given by
1
S=—— [|e? (*xR+4dpAxde) + ) W 4o+ A xgoP+D | | (5.2)
2K - 2

where p is summed over 0, 2 for the type IIA* theory while —1, 1, 3 for the type IIB* theory,
and a, are constants given by a, =1 (p = —1,0,1,2) and az = 1/2.
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Let us introduce (7 — p)-vector fields y%7—» by

1 (p+1)
S187—p — ___—  _Gp+1°q1S1-S7—p CP+
vy = €
(p + 1) dp+1 (53)
7/az’l..-z‘g,p =0 (epl...ps _ E[pl...ps} ’ 6()3...9 _ 1) '
Note that, if the metric is diagonal, the map C’(p +1q)p 41— Y°US7-P corresponds to per-

forming eight T-dualities, Tps...9, which includes a timelike T-duality.® Thus, in order to
make 7"~» into a background field in the type II theory, C®**1 should be a field in
the type II* theory, and this is the reason why we start from the type II* theory. In the
following, we rewrite the action (5.2) regarding v%17-» as a fundamental variable, instead
of the form field C®*1) | Under the assumptions (5.1), the Ramond-Ramond part of the
action (5.2) becomes

/ 40z |G|Z Gaprlql- LGP g oY o,clty L (5.4)

By substituting the relation

C(P‘H) _ 1 ,ysl~--57,p

qrdpt1 (7 )l €dpt1--q181°-87p (6p1“'P8 = €lpy-pg)» €039 = 1)’ (5.5)

the action can be written as

1 a, A~1
le I p
2"510 | | Z —p)!

where we defined A = |det Gpq| and used the identity

Gab GI'151 . Gr7_pS7_p aa,yr1--.l‘77p 8b,YS1-..S7,p , (56)

1
(p+ D[ (7T—p)!]? GPIAL . GPrH T e by Eqredpss1ST—p
A~ 1 it " ] (5'7)
1 7T—
- (7 — ) Gt151 e Gt7_ps7 p 5[1,1 te 61‘7,2} .
Thus, the action becomes
1 —2¢ 1)i1--2 (1)
S = o7 [e (* R+4dp A xdo) 22 Pty px Pl 1 (5.8)
p
where we defined the P-flux by
pWair—p — Pjil"'”ﬂ’ da’ = dyirir-r (5.9)

Due to the presence of AL, if we treat P 7-p a5 tensors (see footnote 3) this action
is not invariant under diffeomorphisms in the eight-dimensional spacetime, spanned by zP.
This issue is resolved by making a redefinition of the metric and the dilaton.

°If we instead define v as O](f+2+1 = €jpy1dritig_p v 9= /(9 — p)!, which corresponds to taking

T-dualities in all spacetime directions, 4"t "*—# coincides with C"*""*—» defined in (6.15) of [35].
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Since the redefinition depends on the degree p, in the following, we consider the case
where only a Ramond-Ramond p-form (with p # 3) is non-vanishing:

1 A1 o
S=—r [le2 (*xR+4dpAxdg) — —— PO i-itp o, pl). 5.10
Q/f%() |:e (* * o N ¢) 2 (7 - p)! ¥ e tT—p ( )

In this case, with the redefinition of the metric and the dilaton
d5? = e7 3% er 37 Gop dz® da® + € Gpq daP dz? s

; 2
2P = 20t o = (e—2¢ Al/Q) =3

we can show that the action (5.10) is equal to the following action up to total derivative
terms (see appendix A for the detail):

_ 1 -2 (+ P Toazad 1 —4¢ p(V)ir-ir—p 5 3 p()
S—%%O/[e (*R+4d¢/\*d¢)—me P ! 7p/\*R:1”_i77p N (512)
which reduces to the action (4.13) in a special case of p=5.
The equations of motion are obtained as follows:
~ ~ . ~ .. ~ ~ e72d; . . .
R+4(V'0i9 — §" 0;¢0;0) — T Pt Pl =0, (5.13)
—_— p i
5 = o 7 %0 kik ko-k k
Rij + QViaj(b B w (Pi L ijl--'k7—p - (7 - p) S 1jk2'"k7—p
1 -
+5 pllre PR gl-j> =0, (5.14)
9 9 _ T - - - O
d'Pi(1~?~i77p =0, 'Pi(1'?~i77p =¢ 10 Girgr " Gir_pjr—p * P(l)jl I7-r (515)

In this theory, we can find the following two solutions. The first one

2 1/2 _ —1/2 F_ B
Dp7—p : d52:p2/ (p2]f\dedz—Fda:gm._,np)-i-pQ / dxfnl...mpp, e2¢:p22 ' (5.16)

Y = A ey = A A A e

is a generalization of (4.14) and has a monodromy given by a ~-transformation,
AT s AT g That is, it has a magnetic charge associated with the P-
flux and should correspond to the background of the exotic Dp7_,-brane.
On the other hand, the second (Euclidean) solution
ds? = p2_1/2 (|f|2 dzdz +dr?* + dwil,,,np) + p;/Q da:zm,,,mpp , e =p,2

T (5.17)

Yoy = —prdr Ada® Ao Ada®, AT = it

has an electric charge associated with the P-flux and will correspond to an instanton
with special isometry directions, ™1, ..., "7 which is similar to the solution obtained
in (3.26).

In the case of p = 3, we cannot perform the redefinition (5.11), and do not know how to
derive the action (5.12). However, if the action is derived from a suitable field redefinition,
we can confirm that the above backgrounds with p = 3 indeed satisfy the equations of
motion.
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5.2 Relating the new and the original background fields

In this subsection, we discuss the exotic duality further and investigate a relation between
the fundamental fields of the theory (5.12) and the standard background fields.
Exotic duality. In order to examine the exotic duality, let us consider a simple config-
uration

ds? = G dztdz” + Gundz™da"  (Gmn @ diagonal)

7-p) _ (T-p) +3 9

o=p) = Clpryg da? P Ao N da (5.18)
(b,v=0,...,p+2, mn=p+3,...,9),

which includes the Dp(3--- (p+2)) and the Dp7_,(3--- (p+2), (p+3) - --9) background in
the type II theory. For this kind of simple background, it is convenient to take a Ty...(,43)-
duality and describe it in the type IIB theory. The resulting type IIB background (in the
Einstein frame) after performing the Ty...(p+3)-duality is given by

d§% — o 9/2 (G'W dz*dz” + G dxmdx”) (G’W =G, Gon = Gm") ,
T= C«(O) + ie ®= C((;_Ig))g + iy/det Gmn e ? = T[(p+3)---9] -

Since the type IIB theory has the well-known SL(2,7Z)-duality symmetry,

(5.19)

aTi(pr3)..9 T 0 ab
G%‘ - G;Ej’ T((p+3)--9] = T[/(p+3)---9] S () . (

) d) €SL(2,Z),  (5.20)

CT(pt3)-9) T
performing the SL(2,Z) transformation followed by a T{,, 3)..9-duality transformation, we
obtain a new background in the original type II theory (see (2.3) of [3] for a similar ar-
gument). In particular, performing Ty...(,4.3)-S-T(,+3)...o-duality transformations, the back-
ground (5.18) is mapped to the following background (in the string frame):

ds? = ‘T[(p+3)...9}’ G da dz” + ‘T[(p+3)...9]|_1 Gondz™ dz"

(7-p)
') = —de’)% Ao Ada?, e = |71( +3)...9]\p_3 % (520
’T[(p+3)---9]|2 8

For the Dp(3--- (p + 2))-brane background, we have 7(,43)..9) = p1 + ip2 = p(z), and we
can confirm that the above transformation rule coincides with that of the exotic duality

transformation given in (2.5).
The transformation rule (5.21) under the exotic duality can be applied only for p-
branes extending in the 3 - - - (p+2)-directions. However, for a special case of p = 5, without
assuming C'?) = Cég) dz® Adz?, we can write down the following transformation rule which

exchanges a D5-brane and an exotic D5o-brane extending in arbitrary zP-directions:”

éab = |det qu’1/2 Gab ) épq = |det qu|1/2 (F—l)pr (F_l)qs Grs )

i - (5.22)
2 = |det Fpq| €2, Co) = (FPr (F 19502 (Fpg=e? Gpg—Cla) .

"Note that the transformation rule is deformed in the presence of other background fields, such as the
B-field.
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This corresponds to an S-duality transformation followed by 7ps...9-dualities and an S-
duality transformations.

For general p, we do not know a covariant expression like (5.22), but we here assume
the existence of a transformation rule which interchanges Dp-branes with Dp7_,-branes:

) exotic_dl)lality (

(Gij ¢, CTP) Gij, ¢, CT7P)). (5.23)

Performing an S-duality, we can also obtain the transformation rule for the fields in
the NS-NS sector. That is, if we consider a configuration

ds? = G datdz” + Gpp dz™dz"  (Gmn @ diagonal),

7—p) _ n(7-p) +3 9
B! p)—B(p+3)m9dxp A---ANde

(5.24)

with p = 1 or p = 5, and define a complex field

NS _ p(7-p) . _5=p
Tl(p+3)-9] = B(p+§).‘.9 + 1\/(m ez (5.25)

the configuration after the action of the exotic duality (i.e. the S-dual of (5.21)) is given by

p—1 p=5
ds”” = |7 ey g 2 G da da? + |70 ) o 2 Grondz™da”,
(7-p)
B (5.26)
7— (p+3)--9 3 9 29/ NS —(=3) 2
B'(7-p) _ _dem— A---nda?, e ¢ _ ‘T[(p+3)---9]’ e2¢
[(p+3)-9]

We can easily verify that this transformation rule with p = 5 exchanges the NS5(34567)
background (2.6) and the 53(34567,89) background (2.7), and that with p = 1 exchanges
the F1(3) background (2.10) and the 1§(3,456789) background (2.11) with each other.
Note that the combination T[lgg} = Bgg + iv/det Gy frequently appears in the discussion
of the monodromy of NS5(34567)- and 52(34567, 89)-branes (see e.g., [6, 28]).

On the relation between (gij, &, 'yil"'i"—P) and (Gij, o, C(7_p)). Now, we dis-
cuss a possible relation between the y-field, 4**7-», and the standard background fields;
(Gij, o, C(Lp)) . We here assume the ansatz (5.1), and further, G, is diagonal. Then, we
consider the following sequence of dualities:

) exotic_dl)lality (C";’,U’ g’ 5(7,17)) T()gﬂ;gg (G:]7 ¢*’ C*(p+1))

(Gij, ¢, CTP) (5.27)

I~ -

If we consider a non-geometric Dp7_,-brane background on the leftmost side, the back-
ground in the middle has the same form with the geometric Dp-brane background, and
the background on the rightmost side has the same form with the E(7 — p)-brane back-
ground [29] in the type II* theory. Due to the assumption that Gpq is diagonal, the relation
between (éij, b, 5(7_1’)) and (Gz*j, ¢*, C*PH1) is given by

Gab = Gy GPU=Gy, 2%\ /[det Gpg| = e 2"\ [|det G,

~(7_ 1
o p——
YT (p+1)!

(5.28)

Ap+1--q181-S7—p ~*(PF1)
€ Car-apyr -
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Then, with the identification of (G};, ¢*, C*®P*V) . and the fields (Gij, ¢, C7P)) ap-
pearing in (5.11), we obtain the following expression for (f]ij, o, vil"'i7—P):

*
177

4 * +1 4 T T— ~
(5:5) (epﬂ) egf?’nG;b 0 ) e 7 3% er s Gab O

0 e Ghqg 0 e GP4

5 * & ~(7— 5.29
e2¢ = 62¢ i = 6_24""'(7_17)"7, '751”.577:0 — Cs(fgg—p ) ( )

2 ~ = 2

el = (e_2¢* |det Gf,q|> g <e_2¢ |det qu|)p73 .
The inverse relation is given by
—A50 Ibn - i
(éw) _ <e p=3 7 epr=3 7" gy, 0 : 62¢ _ e—2¢+(7—p)'r],

0 e’ grd (5.30)

~(7— o7 — >—3
At e, o ()

In a case where (Gij, o, 0(7_”)) in (5.27) is given by the Dp7_, background,
(Gij, b, C(Pp)) in (5.27) has the same form with the Dp background. Since the Dp

background (2.3) satisfies n = 0 and e*p% 4

(9ij P, yiiTp);

= p2,% we obtain the following expression for

Dprp: 32 =py* (p2|f? dzdz + dagy.m,) + py'? SRR (5.31)

20 _ T2 micmr—p
e =py? , y P =1,

which exactly reproduces the solution found in (5.16).

To summarize, the derivation of the theory presented in this section consists of two

steps:
1st step: (Gij, o, C’(?_p)) eXOtiC—dl)lality (éij, q?, 5(7_1’)) , (5.32)
2nd step: (éi]’, g, 6’(771))) field r(ﬁ)ﬁnition (gij’ (5, ’yilm’h*p) . (533)

The first step is the exotic duality which is just a U-duality transformation that maps a
non-geometric background to a standard geometric background. The second step is given
by the field redefinition (5.29) which converts a (7 — p)-form field into a (7 — p)-vector, and
after the redefinition, the action has the form (5.12).

Although we do not know the general expression for the transformation rule under the
exotic duality, for example, in the case of p = 5 where the transformation is given by (5.22),

8Since 7 is invariant under an S-duality or T-dualities in the zP-directions, all defect backgrounds
considered in section 2 satisfy n = 0.

— 20 —



we can obtain the following relation between (f]ij, o, vil"'iﬁp) and (Gij, o, 0(7_7’)):

Go) = |det Gpq|*/? 29 e 20 Gap 0
T | det Fyg| 2 0 Fpp Fgs G™
_ ldet(e= G oy (Far P GM 0
|det Fy; [/ 0 Fop Fog G ) (5.34)
o2 _ det Gpg| s det(e™® Gyj)| o2

T et Fpgl ¢ |det ’
_ r _ s 2 — i — i 2
P = (PP (F RO = (PP Y O,

where we used the assumptions Gap = CS) = 0. This is precisely equal to the rela-
tion (4.11), and the presentation given in this section serves as an alternative derivation of
the theory (4.13) with its generalization for general values of p (with p # 3).

Duality rules for the new background fields. Here, we comment on the duality rules
for the new background fields (gij, ¢~>, 'yil"’”*?) under the U-duality transformations. By
the construction of the theory presented in this section, it will be natural to define the
transformation rule in the following manner.

Let us begin with a configuration (gij, gZ;, ’yil"'”*P) which satisfies the equations of mo-
tion derived from the action (5.12). In order to perform a U-duality, we first transform these
fields into (éij, qz, 6(7_7’)) using the relation (5.30). Secondly, we use the standard trans-
formation rules under the U-duality to obtain a new background (C:’;j, @, C'TP) . )
where the ellipsis represents possible additional fields such as the B-field. Finally, using
the relation (5.29),° we can obtain the U-dual background (g;j, @, A ) At
the same time, the original background fields (Gij, o, C(7*p/)) should be transformed into
(G;j, ¢, C’(7_p/)), which is the exotic dual of the background (é;j, ¢, C'TP) ).

As an example, let us consider a simple configuration given by

d5? = Gap dzda® + gpq dzPda? + Gog da2, AP =4  (p,¢=0,3...,8). (5.35)

In this case, if we take a T-duality in the z”-direction, from the above procedure, we can
straightforwardly obtain the following 7T-dual background:
=12 L Al b, ~ m ~—1 3.2
ds” = (e G=3)(p=0 " =3 G P~ >gab dz®da® + gpg daPda? + e " Gog dag, (5.36)

~/ 3 ~— ces
020" _ (20420 51 H(p+2)-9 _

do9 5 Y Q.

We can easily confirm that this relation indeed maps the Dp7_,(3--- (p+1)9, (p+2)---8)
background (5.16) to the D(p — 1)s—p(3---(p+ 1), (p + 2) - - - 9) background. In this way,
we can show that the 4-fields follow the rule, "% — 41 %Y o i1y 5 A4 ynder
the T-duality transformation, which is similar to the rule for the Ramond-Ramond fields.

“Note that the relation (5.29) should be generalized if additional fields, such as the B-field, have non-
vanishing values.
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In the case of general U-duality transformation, since multiple Ramond-Ramond fields
and the B-field have non-vanishing values, we can no more use the relation (5.29). However,
as we discuss in the next subsection, in the case of an S-duality transformation, we can
obtain a relation similar to (5.29) and derive the S-supergravity.

5.3 Effective actions for Q-fluxes

We here present another derivation of the (simplified) action (3.10) for the S-supergravity
from the action (5.12). We further obtain an action for a non-geometric flux which has an
exotic string (i.e. 1§-brane) as the magnetic source.

Alternative derivation of the B-supergravity. Let us consider an S-duality trans-
formation given by

Gij—e® Gy, ¢——9, @(]2) — —Bij, (5.37)
gij—=e %G, o= -6, A= —BY, n—o .
Under the redefinition of fields, the action (5.12) and the relation (5.29) with p = 5 become

| IS R BT DR
5= 5 [e (R4 440 ATdG) - e QI AZQY |, (5.38)

- éb 0 ; e L
(Gij) = ( 8‘ épq) . @2 =20t gl = By,

el = ((3_2‘g \/ |det épq|)_1 .

Further, under the S-duality, the transformation rule for the exotic duality given in (5.22)

(5.39)

becomes

Gij, ¢, BY), (5.40)

exotic duality
—

(Gij, &, B)

~ Gab 0
(Gij) = ( i j ) )
' 0 (B7H)" (B Gy (5.41)
Bpq = (E_l)pi (E_l)qj Bij, e 20 \/m =c 2% /|det Gpql -

Substituting this relation into (5.39), we can correctly reproduce the transformation
rule (3.7) between (Gij, o, B(Q)) and (gij, o, Bij). This gives another derivation of the
action (3.10) in the case Gap = Ba; = 0 is satisfied.

Supergravity action for the exotic string 12. Now, let us consider applying an
S-duality transformation to the action (5.12) with p = 1. By using the S-duality transfor-

mation rule,

_ 6
Gij — e ¢ Gz‘j s ¢ — —¢, Ci(r)--iﬁ — Bi1~~~z’6 R (5 42)
Gij > e %Gy, b —¢, A By,
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the action (5.12) and the relation (5.29) with p = 1 become

1 o~ ~ o~ 1 — 60 G114, ~

(i) = e—4¢+6n (N;ab 0 o026 _ e*2$+6’7

(5.44)
[31se = Eé?.)‘.sﬁ ;e =e 2% /|det épq| .
In this case, it is difficult to find a transformation rule for the exotic duality
(Gij, qb, B(G)) exotic_dl)lality (éij, g, E((})) . (545)

However, as a special case, if we consider the 12(3,456789) background, the fields with
tilde (éij, 9’5, E(G)) should have the same form with those in the F1(3) background. Then,
from the relation (5.44), we can obtain the following solution of the theory (5.43), which
corresponds to the background of the 1§(3,456789)-brane:

19: d&® = ps (po | fIPdzdz+dads) +dad g, e*?=p,,

4
456789 _ ® -1 30 9 (5.46)
B =pP1, /8456789_ p2 dt/\dl’ AN /\d,]; .

We can also find a Euclidean solution which corresponds to the background of an instanton
that electrically couples to 31

d3% = py ' (|fP dedz +dr? +da? ) + da?, o e =p, ', (5.47)
®) e = —prdr Ada® A Ada?, pmame — 1
5.4 Seven branes and instantons
In the case of p = 7, the exotic duality is the same as the S-duality:
~ ~ ~ )
Gij=I71Gij, 2 =|r|'e¥, OO = o (5.48)
T

In this case, from the relation (5.29) with p = 7, we can write down an explicit relation
between (Gij, o, C(O)) and (Qij, o, 7) as in the case of p =5:

-2 4 A i L 0
Gy = (€7 0 ) e a0 O
0 enGea ]

e =2 [|det Gpgl -

From this relation, we can obtain the expression for P in terms of the original background
fields (Gij, ¢, CO):

P(g) = e_4$ xdy = e_4q; 9|'g| gab Oa”y €biy-ig dzt A~ A da®
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VG| - . ‘ )
= |7-|4 ol Gab OaY €biqrvig AT A - Ada"® = ]7\4 * d<—| |2 )
! T

=-C9aB® 4 |72dc®, (5.50)
where we defined [2]
AB® = «d|7|* = 2 xgd|r|*, dC® =+dC® = ¥ 5xpdC© . (5.51)
Then, the equation of motion (5.15) can be written as
AP = d(-Cc®dB® 4 |r?dc®) = 0. (5.52)

In fact, this equation of motion can be derived, in the original theory, as a conservation
law for the Noether current associated with the SL(2) symmetry [47]. Conversely, in the
theory (5.12), the equation of motion, dF(®) = d2C®) = 0, of the original theory will
appear as a conservation law for the Noether current.

As it was shown in [2], the dual potential v® (or C®) given in [2]) is the field that
electrically couples to an NS7-brane. This can also be understood from the fact that a D7-
brane couples to C® and the 8-forms transform under an S-duality (or the exotic duality)
as follows [2]:

C® A& O _c®  BE _, _BO) (5.53)

Further, as it is well-known, a D-instanton, or a D(—1)-brane, electrically couples to
the Ramond-Ramond 0-form, C©). The “mass,” i.e., the on-shell value of the Euclidean
action is calculated in [48] and is proportional to g; !, like the tension of the Dp-branes. If
we perform an S-duality, the D-instanton is mapped to another instanton which couples
to the field v = C© and will have the “mass” proportional to gs, since the S-duality maps
gs — 1/gs. Indeed, in the Einstein frame, the action for v becomes

1 5 1o 71 25
S = o / V]ae| (iERE — 5 Ao Awpdd — 5 e 2% dy A *Ed'Y) ; (5.54)
K1o

and using the result (6.6) of [49], we can find that the value of the on-shell action is
proportional to gs. In the following, we will denote the instanton by I;. Note that this
instanton is a special case of the (p, ¢)-instanton, which is a member of the Q-instantons
discovered in [50]. By performing T-dualities in the zP-directions, v will be mapped to a
(7—p)-vector ¥1"7-r and we will obtain an instanton, to be called II_p , which electrically
couples to 4"17-». Recalling the transformation rule for the fundamental constants under
the action of T-duality, gs — ¢gs(ls/R
II_p will be proportional to g, (11 7/ Rp, -+ Rp,_,) (see section 7 of [5] for a discussion

i) and g — g, we expect that the “mass” of
on the existence of such objects). The family of instantons, II_p , can be thought of as
generalizations of the pp-wave (whose mass is proportional to (Is/R;)), much like the exotic
branes can be thought of as generalizations of the Kaluza-Klein monopole. The instanton
szp can exist only when there are (7 — p) compact isometry directions. Since it is the
electric source of PN ¥7-r the corresponding background should be given by (5.17).
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Further, in the type IIB theory, by performing an S-duality, the background fields
7% and 4% are transformed into % and %% . At the same time, the instantons I?
and I¢ will be mapped to other instantons, to be called I(Q) and I§, whose “mass” will be
proportional to (I2/Rp, Rp,) and g2 (I5/Rp, - - - Rp ), respectively. These instantons are also
predicted in [5]. The corresponding background solutions will be given by (3.26) and (5.47).

5.5 The mixed-symmetry tensors
(8)

11416

and 7(8)

1187 —p
couple to exotic branes. Here, we provide expressions for these mixed-symmetry tensors in

So far, we argued that the mixed-symmetry tensors Bi(j-;), electrically

terms of the original background fields, like the relation (5.50).

For convenience, we denote the form fields B, B(®) and C("-P) collectively as A7—P),
(8)
Z'1~-~i7,p :

tilde notation for the background fields which are related by the exotic duality:

and the mixed-symmetry tensors as A“¥7-» and A We again use the following

(Gij7 o, A(7_p)) ethiC_dl)lahty (éz’j, $7 ;&(7—1))) ) (5.55)

In the following, we derive an expression for the mixed tensor Agf,)_,ipp in terms of the

background fields on the right-hand sides; (CNJU, $7 AW_?’)).
We define the dual potential AP+ by

dAPHD = 5 o2 (ast1)é 5 qAT—P) | (5.56)

(p+2)2(p+1) Lo+l

and a, = {1, 2, 0} for AP+D = (G0+), O, O},
and * is the Hodge star operator associated with G;;j. Then, using the identification
Alit-p = fyi1it—p  glris - giris] — ng:fz,p and the definition

where s, = (—1)

dAS) =20 Gy G RAAT (0= —a - 4), (5.57)

1197 —p

we obtain

- - G - N -
8aA(p+1) =S 62 (a3+1) d) | | GCb qurl tt Gq77pr77p €cq1---q7,pa51---sp+1 abA(7_p)

S1Sp+1 — P (7 _p)' ry-r7—p
2+ d VNIl eb - ~ Ty
=35pe (1) (7 — p)! ¢ Yair: """ Yqr_pr7—p Ceqrqr_pasi-spp1 8b~’4r1 e
2)(7— 8
= 5p (_1)(p+ )(7=p) aa'Agl?"S;Fl’lql"'q77p7q1"'q77p ) (5'58)

where the summation over the indices q,, is assumed in the second line but not in the third
line, and we used

_ — 2
Gab o ab, - GP1 = e o, 1 = (72 [Jdet G )T (559)

in the second equality. Namely, we obtain
OaAG sy rararparar—y = 8p (1) TTP OALTY
o—2(a+3)¢ (5.60)

_ T 7— _ ~
= (_1)(p+2)(7 P) (7 —p)! Eb LT pasl~~-sp+1 (9bA]([-1...I:-)77p (5i0-~~i9 = ’g’ 6i0~~-i9) s
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i 3ii - Bir-ia
QW) irir—p QWi P irir—p Q) iris
« -2 -3 —4
magnetic source (p ") 53 po? 1§
a=-—a—2 0 1 2
electric source (Igfp ) 12 szp I§

Table 2. A list of non-geometric fluxes and their magnetic/electric sources.

which reproduces the proposed relations (30)—(32) of [5]. If we further use the relation
between (Gij, o, A(7_p)) and (G”, ¢), A(T- p)), we can also obtain the relation between

8 _
L.AEII)...qu and (G, ¢, A p)).
5.6 Summary of the results
In this section, we have presented various actions with the following form:

S[gij, &, ATr] = 2;%0 [e_2¢ (¥ R+4d¢ A %do)

e2(a+1)é i R
ol Givjr* Girin—y Q( Jirir—p A Q( )J1gr—p , (5.61)

2(7-p)!

where QW i1i7—p = d A"""7-p i a non-geometric flux of which an exotic brane acts as the
magnetic source, and « is an integer given in table 2. The equations of motion are given by

(a+1) e2(@+D¢

R+4(V'0i6 — §7 0:00;0) + — T QI QY g, =0, (5.62)
5 o oo e2ledDd ky-k Koo ke i
Rij + 2V — 57— QMM Qg — (T =) Qi M7 QM e
o+ 2 -
- lel lr—p lel"'l'?—p gij) =0, (5.63)
9 9 a ~ > _ (8
al?, =0, oY, =g g . # QW = Al (5.64)

If we regard the dual potential A® as a fundamental field, the dual action is given by

(SR

[gl]> ¢7 11 g p] = L [e_2¢ (ié +4do A >T<d¢)

2/@%0
2@+ é (5.65)
~i1J1 ... SiT—pJT—
( ) g g PdA“ - /\*dAh Jr—p |’
where we defined @ = —a—2. We can add the Wess-Zumino term of the exotic p', P-brane
extending in the z™!, .- , x"»-directions and smeared over the x5!, - - - , x57-»-directions:
nSLSTr o (g) dzSt A - AdaxS7-p
Swz——/L?p / 7%‘5 sr_y N\
Zs:7 M1 ><T5717--14;S77p (7 p) o (ZWRsl) o (27TR57—19)
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_ e Siesrop
= s / T Al 18 (@ — X(5)). (5.66)

Then, taking variation, we obtain the following Bianchi identity as the equation of motion:

nS1ST—p

A2 ASVSTr = 2K2 0 1 o
1o HpTr (2mRg,) - -+ (27TRS77P)

6% (z — X(€))dat Ada?. (5.67)
If we choose n®1"%7-» = 1 and integrate the equation, we obtain

2”%0 Hpr—»
(27 Rg, ) - - - (27rRs77p) ’

o= / dZASLST-p = (5.68)

where we used A% %7-» = p;. From this relation and the value of ¢ given in table 1, we
can confirm that fh,7—p is indeed equal to the tension of the exotic brane:

py = TR O Rs,) oy (5.69)
vy (21ls)7 I g2 (2nRy,) - (27 Ry, ) '
where we used 22, = (27ls)" ls g2 .

6 Summary and discussions

In this paper, we have presented (truncated) effective actions for various polyvectors whose
magnetic sources can be identified with the exotic branes. Requiring the existence of com-
pact isometry directions, which are required for the existence of exotic branes, we showed
that the effective actions can be derived from the standard (truncated) supergravity ac-
tions. In each theory, we found two solutions with either the magnetic or the electric
charge associated with the non-geometric flux. The former solution corresponds to an
exotic-brane background while the latter corresponds to a new instanton background. By
taking account of the U-duality symmetry of the string theory, all defect branes includ-
ing the standard branes and exotic branes should be treated as equals. However, in the
standard formulation of the supergravity, only the backgrounds of the standard branes are
well described globally. Contrarily, in the reformulation of supergravity presented in this
paper, the background fields of the exotic branes are globally defined while those of the
standard branes are not single-valued. In this sense, the effective theory considered in this
paper is complementary to the standard supergravity.

Our reformulation is still not complete and we should investigate a further general-
ization so as to allow for general backgrounds with multiple non-geometric fluxes. Such
generalization is necessary if we consider, for example, the background representing a
bound state of p 53-branes and ¢ 53-branes, which is the exotic dual of the (p, ¢) five-brane
(i.e., a bound state of p NS5-branes and ¢ D5-branes). In addition, there is another di-
rection of generalization. The action (5.61) presented in this paper can be applied only
for defect backgrounds with isometries in the 03---9-directions. In the absence of these
isometries, the action should be modified, like the action of the S-supergravity (3.8) or its
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Ramond-Ramond counterpart (4.10). Since the equations of motion derived from the sim-
ple action (5.61) do not coincide with those derived from the complete action (i.e., the ac-
tion (3.8) or (4.10)) even though we impose the assumptions (5.1),? it will be important to
find the complete actions for any value of p and check whether the exotic-brane backgrounds
indeed satisfy the equations of motion derived from the complete actions.'' It will be also
interesting to describe various non-geometric backgrounds with less isometries, such as the
background of the “NS5-brane localized in winding space” constructed in [51] (see also the
references therein), as solutions of the complete theory without simplifying assumptions.

Further, it will be important to establish a formulation in which the background of an
arbitrary defect brane can be equally described globally; that is, a manifestly U-duality
covariant formulation of the supergravity theory. A promising approach in this direction
is taken in DFT, which can globally describe both the usual brane (i.e. NS5-brane) and
the exotic brane (i.e. 53-brane), and can reproduce the standard supergravity action or the
[B-supergravity action as a special limit. Although DFT has already been generalized to
incorporate the Ramond-Ramond fields [35, 42, 44], we cannot globally describe U-folds
(such as the Dp7_, background) in the framework of DFT, since the gauge symmetry of
DFT does not include general U-dual transformations. Recently, several generalizations of
DFT have been studied in various papers (see e.g. [52-60], and [61-68] where the ezceptional
field theory has been proposed and studied), which will be possible to describe all exotic-
brane backgrounds globally. It will be interesting to derive the effective theories proposed
in this paper as some special limits of these theories.

It will be also important to investigate a reformulation of the effective worldvolume
theory of exotic branes by using the newly introduced background fields (gij, o, .Ail“'”—f’).
More generally, it will be important to find a manifestly U-duality covariant formulation
for the effective worldvolume theory of exotic branes.

In our reformulation of the supergravity where a p-vector is regarded as a fundamental
field, there naturally appears the background of an instanton that electrically couples to
a p-vector. Depending on the type of the p-vector (i.e. 3%, 1 7-» or 3i17%6) the value
of the on-shell action for the instanton background is expected to be proportional to g&
with & = 0,1,2. Since these instantons have not been studied well, it will be important
to analyze their properties further. Since the Ipr backgrounds (5.17) are similar to the
backgrounds of the Dp-instantons (see [29] and references therein), it will be natural to
expect that the instantons szp are the exotic dual of the Dp-instantons, and I% and IS are
their S-dual objects.

10We would like to thank David Andriot for pointing out this issue. In the case of the S-supergravity,
if we assume that any derivative 9; contracted with 8% vanishes, the dilaton equation of motion and the
Einstein equations (see (1.28) and (1.29) of [20]) coincide with those derived from the simple action (3.8)
(note that - (1/4) (Qikl QM — 2Q%! ijz) and R = —(1/4) Q* Qijr can be shown by using the
simplifying assumption). However, the equation of motion for the S-field (see (1.30) of [20]) does not
coincide with (3.11), although the difference disappears in the 52 background.

111 the case of the 53-brane (or the @-brane), the background is shown to satisfy the equations of motion
derived from the complete action (see appendix D.1 of [14]).
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A Field redefinitions and a derivation of the action

In this appendix, we show that the action (5.10) can be rewritten as (5.12) under the
assumption (5.1). Let us recall that, under a rescaling of the metric g;; = ¢” Gj; in a
d-dimensional space, the Ricci scalar transforms as

R=¢"{R+(d—1)g" V;0;0 — [(d—1)(d — 2)/4]g" ;0 9;c}, (A1)

where V; and R are the covariant derivative and the Ricci scalar associated with the new
metric g;;. Using the formula, we can rewrite the action (5.10)

2630 S :/[e2¢(*R+4d¢)A*d¢>)

Al (A.2)
ri--r7y_ S1:-S7—
g7 gy Cerm G e AT Ay
into the following form:
2K3, Sy = /dwx |g| e72¢0740 (R + 48" 9;¢ 00+ 9g' V0jo — 18 g’ 90 8ja)
(A.3)

dlox |g| _9 b
_/ T ¢ & BrisBreysr, Oa) T Oy

where ¢ is defined by e¥ = e"529 A2 In order to reduce the redundancy, let us consider
the Einstein frame, ¢ = —20, where the action takes the following form:

2620 Sp = /dlom g (R —2g™ 0a0 Obo)
(A.4)

lex ’g’ —2¢ _ab rir7_p S1°87—p

- w € € 8risi " 8ri_psi—p Oay Oy )

where the boundary term is dropped. Here, note that, under the ansatz (5.1), the Ricci
scalar R can be decomposed as

1

where R?) is the two-dimensional Ricci scalar associated with the metric gap, .
Now, we make a further redefinition of the metric

gab = e’ gab, &pq = &pq>s (A'G)
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where & is a function to be specified below. Then, the formula (A.1) gives
R® =7 (R 4 g ?f)ab&) : (A.7)

where @;2) and R®?) are the covariant derivative and the Ricci scalar associated with the
two-dimensional metric gap. That is, two Ricci scalars R and R (that is associated with
the metric g;;) are related to each other through

R=e" (R+8° VY 0y5) . (A.8)

Using this relation, we can rewrite the action (A.4) as

22, S, = / A% /|| (R+ 2 VY 0p5 — 252 0a0 o)

d"z\/1g] 9y -ab - .
- / 2 (7 — p)! e ga 8risi " Bri_psr—p aa,ym e ab’YSI T

_ /dl% 2 (R — &2 0, (Iny/|det Epql) b5 — 25° 90 o)

_/dww ’g’ —2¢ zab =

9 (7 _ p)! € g 8ris; - 'gr7,p57,p aa'yrl”.mﬂ) Opy™r 57
~ -3
= /dlom 8| [R —§2P 0, <<p + pT O’) O — 282° 0a0 Opo

- dPz \/|g| 020 zabs s DumF 1T p S1-87_p A9
/ 9 (7 — p)! g 8ris; Br7_ps7_, Oa” Oby ) ( : )
where we dropped a boundary term in the second equality and used /|detgpq| =
1 Al/2 — ¢#+%3° 7 iy the third equality.
If we choose the function & as
8 4
-32° p-3

5-:

o, (A.10)

the action becomes

— [~ 8 .
210 S :/dl% H <R— 53 gab@w%w)

dlo.’L' |g| — 920 ~ab ~ ~
_ /2(7_p)' e *¥ ga risi " Brr_psr_p &ﬂ/rl r7—p 6b751 S7—p

— [ = 1. - -
dlox 2 2529 5 o o
_ /2(7_;)%’ o 5= ¢ gab Grisi  Bro_psr_y Oy TP 6b’7s1 S7-p (A.ll)

where we rescaled the dilaton; ¢ = 4¢/(p — 3). Finally, defining the string-frame metric
by §i; = €®/? g;;, we obtain the action

213, S, = / 0% /¢ (R + 45 006 Op0)

A.12)
leJU /_g i ~ ~ (
_/ 20 —pt ¢ G Grisy o Gro sy, Oan™ T Op TR
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which coincides with (5.12) by allowing the bold indices to run over all spacetime directions.
To summarize, we derived the action with the following redefinitions:

Ao P
(Gi) = er3%er3TG,, 0 S S (e=2¢ A1/2)p%3. (A.13)
J
0 e Gpq

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References
[1] N.A. Obers and B. Pioline, U duality and M-theory, Phys. Rept. 318 (1999) 113
[hep-th/9809039] [INSPIRE].

[2] E. Eyras and Y. Lozano, Ezotic branes and nonperturbative seven-branes,
Nucl. Phys. B 573 (2000) 735 [hep-th/9908094] [INSPIRE].

[3] E. Lozano-Tellechea and T. Ortin, 7-branes and higher Kaluza-Klein branes,
Nucl. Phys. B 607 (2001) 213 [hep-th/0012051] [INSPIRE].

[4] J. de Boer and M. Shigemori, Ezotic branes and non-geometric backgrounds,
Phys. Rev. Lett. 104 (2010) 251603 [arXiv:1004.2521] [INSPIRE].

[5] E.A. Bergshoeff, T. Ortin and F. Riccioni, Defect branes, Nucl. Phys. B 856 (2012) 210
[arXiv:1109.4484] [NSPIRE].

[6] J. de Boer and M. Shigemori, Ezotic branes in string theory, Phys. Rept. 532 (2013) 65
[arXiv:1209.6056] [iNSPIRE].

[7] T. Kikuchi, T. Okada and Y. Sakatani, Rotating string in doubled geometry with generalized
isometries, Phys. Rev. D 86 (2012) 046001 [arXiv:1205.5549] [INSPIRE].

[8] F. Hassler and D. Liist, Non-commutative/non-associative ITA (IIB) Q- and R-branes and
their intersections, JHEP 07 (2013) 048 [arXiv:1303.1413] [INSPIRE].

[9] D. Geissbuhler, D. Marques, C. Nunez and V. Penas, Exploring double field theory,
JHEP 06 (2013) 101 [arXiv:1304.1472] [INSPIRE].

[10] T. Kimura and S. Sasaki, Gauged linear o-model for exotic five-brane,
Nucl. Phys. B 876 (2013) 493 [arXiv:1304.4061] INSPIRE].

[11] T. Kimura and S. Sasaki, Worldsheet instanton corrections to 53-brane geometry,
JHEP 08 (2013) 126 [arXiv:1305.4439] [iNSPIRE].

[12] A. Chatzistavrakidis, F.F. Gautason, G. Moutsopoulos and M. Zagermann, Effective actions
of nongeometric five-branes, Phys. Rev. D 89 (2014) 066004 [arXiv:1309.2653] InSPIRE].

[13] T. Kimura and S. Sasaki, Worldsheet description of exotic five-brane with two gauged
isometries, JHEP 03 (2014) 128 [arXiv:1310.6163] INSPIRE].

[14] D. Andriot and A. Betz, NS-branes, source corrected Bianchi identities and more on
backgrounds with non-geometric fluzes, JHEP 07 (2014) 059 [arXiv:1402.5972] [INSPIRE].

[15] T. Kimura, S. Sasaki and M. Yata, World-volume effective actions of exotic five-branes,
JHEP 07 (2014) 127 [arXiv:1404.5442] [INSPIRE].

— 31 —


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/S0370-1573(99)00004-6
http://arxiv.org/abs/hep-th/9809039
http://inspirehep.net/search?p=find+EPRINT+hep-th/9809039
http://dx.doi.org/10.1016/S0550-3213(99)00792-0
http://arxiv.org/abs/hep-th/9908094
http://inspirehep.net/search?p=find+EPRINT+hep-th/9908094
http://dx.doi.org/10.1016/S0550-3213(01)00177-8
http://arxiv.org/abs/hep-th/0012051
http://inspirehep.net/search?p=find+EPRINT+hep-th/0012051
http://dx.doi.org/10.1103/PhysRevLett.104.251603
http://arxiv.org/abs/1004.2521
http://inspirehep.net/search?p=find+EPRINT+arXiv:1004.2521
http://dx.doi.org/10.1016/j.nuclphysb.2011.10.037
http://arxiv.org/abs/1109.4484
http://inspirehep.net/search?p=find+EPRINT+arXiv:1109.4484
http://dx.doi.org/10.1016/j.physrep.2013.07.003
http://arxiv.org/abs/1209.6056
http://inspirehep.net/search?p=find+EPRINT+arXiv:1209.6056
http://dx.doi.org/10.1103/PhysRevD.86.046001
http://arxiv.org/abs/1205.5549
http://inspirehep.net/search?p=find+EPRINT+arXiv:1205.5549
http://dx.doi.org/10.1007/JHEP07(2013)048
http://arxiv.org/abs/1303.1413
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.1413
http://dx.doi.org/10.1007/JHEP06(2013)101
http://arxiv.org/abs/1304.1472
http://inspirehep.net/search?p=find+EPRINT+arXiv:1304.1472
http://dx.doi.org/10.1016/j.nuclphysb.2013.08.017
http://arxiv.org/abs/1304.4061
http://inspirehep.net/search?p=find+EPRINT+arXiv:1304.4061
http://dx.doi.org/10.1007/JHEP08(2013)126
http://arxiv.org/abs/1305.4439
http://inspirehep.net/search?p=find+EPRINT+arXiv:1305.4439
http://dx.doi.org/10.1103/PhysRevD.89.066004
http://arxiv.org/abs/1309.2653
http://inspirehep.net/search?p=find+EPRINT+arXiv:1309.2653
http://dx.doi.org/10.1007/JHEP03(2014)128
http://arxiv.org/abs/1310.6163
http://inspirehep.net/search?p=find+EPRINT+arXiv:1310.6163
http://dx.doi.org/10.1007/JHEP07(2014)059
http://arxiv.org/abs/1402.5972
http://inspirehep.net/search?p=find+EPRINT+arXiv:1402.5972
http://dx.doi.org/10.1007/JHEP07(2014)127
http://arxiv.org/abs/1404.5442
http://inspirehep.net/search?p=find+EPRINT+arXiv:1404.5442

[16]
[17]

[18]

[19]

[20]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

T. Okada and Y. Sakatani, Defect branes as Alice strings, arXiv:1411.1043 [INSPIRE].

D. Andriot, M. Larfors, D. Liist and P. Patalong, A ten-dimensional action for
non-geometric fluzes, JHEP 09 (2011) 134 [arXiv:1106.4015] INSPIRE].

D. Andriot, O. Hohm, M. Larfors, D. Liist and P. Patalong, A geometric action for
non-geometric fluzes, Phys. Rev. Lett. 108 (2012) 261602 [arXiv:1202.3060] [INSPIRE].

D. Andriot, O. Hohm, M. Larfors, D. Liist and P. Patalong, Non-geometric fluzes in
supergravity and double field theory, Fortsch. Phys. 60 (2012) 1150 [arXiv:1204.1979]
[INSPIRE].

D. Andriot and A. Betz, S-supergravity: a ten-dimensional theory with non-geometric fluxes
and its geometric framework, JHEP 12 (2013) 083 [arXiv:1306.4381] [INSPIRE].

D. Andriot and A. Betz, Supersymmetry with non-geometric fluzes, or a S-twist in
generalized geometry and Dirac operator, arXiv:1411.6640 [INSPIRE].

G. Aldazabal, P.G. Camara, A. Font and L.E. Ibanez, More dual flures and moduli fizing,
JHEP 05 (2006) 070 [hep-th/0602089] [INSPIRE].

G. Aldazabal, P.G. Camara and J.A. Rosabal, Fluz algebra, Bianchi identities and
Freed- Witten anomalies in F-theory compactifications, Nucl. Phys. B 814 (2009) 21
[arXiv:0811.2900] [INSPIRE].

G. Aldazabal, E. Andres, P.G. Camara and M. Grana, U-dual fluzes and generalized
geometry, JHEP 11 (2010) 083 [arXiv:1007.5509] [INSPIRE].

E.A. Bergshoeff and F. Riccioni, D-brane Wess-Zumino terms and U-duality,
JHEP 11 (2010) 139 [arXiv:1009.4657] [INSPIRE].

E.A. Bergshoeff and F. Riccioni, String solitons and T-duality, JHEP 05 (2011) 131
[arXiv:1102.0934] [INSPIRE].

E.A. Bergshoeff, J. Hartong, T. Ortin and D. Roest, Seven-branes and supersymmetry,
JHEP 02 (2007) 003 [hep-th/0612072] [INSPIRE].

T. Kimura, Defect (p,q) five-branes, Nucl. Phys. B 893 (2015) 1 [arXiv:1410.8403]
[INSPIRE].

C.M. Hull, Timelike T duality, de Sitter space, large-N gauge theories and topological field
theory, JHEP 07 (1998) 021 [hep-th/9806146] [INSPIRE].

C.M. Hull, A geometry for non-geometric string backgrounds, JHEP 10 (2005) 065
[hep-th/0406102] [INSPIRE].

C. Hull and B. Zwiebach, Double field theory, JHEP 09 (2009) 099 [arXiv:0904.4664]
[INSPIRE].

C. Hull and B. Zwiebach, The gauge algebra of double field theory and Courant brackets,
JHEP 09 (2009) 090 [arXiv:0908.1792] [NSPIRE].

O. Hohm, C. Hull and B. Zwiebach, Background independent action for double field theory,
JHEP 07 (2010) 016 [arXiv:1003.5027] [INSPIRE].

O. Hohm, C. Hull and B. Zwiebach, Generalized metric formulation of double field theory,
JHEP 08 (2010) 008 [arXiv:1006.4823] [INSPIRE].

O. Hohm, S.K. Kwak and B. Zwiebach, Double field theory of type II strings,
JHEP 09 (2011) 013 [arXiv:1107.0008] [INSPIRE].

— 32 —


http://arxiv.org/abs/1411.1043
http://inspirehep.net/search?p=find+EPRINT+arXiv:1411.1043
http://dx.doi.org/10.1007/JHEP09(2011)134
http://arxiv.org/abs/1106.4015
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.4015
http://dx.doi.org/10.1103/PhysRevLett.108.261602
http://arxiv.org/abs/1202.3060
http://inspirehep.net/search?p=find+EPRINT+arXiv:1202.3060
http://dx.doi.org/10.1002/prop.201200085
http://arxiv.org/abs/1204.1979
http://inspirehep.net/search?p=find+EPRINT+arXiv:1204.1979
http://dx.doi.org/10.1007/JHEP12(2013)083
http://arxiv.org/abs/1306.4381
http://inspirehep.net/search?p=find+EPRINT+arXiv:1306.4381
http://arxiv.org/abs/1411.6640
http://inspirehep.net/search?p=find+EPRINT+arXiv:1411.6640
http://dx.doi.org/10.1088/1126-6708/2006/05/070
http://arxiv.org/abs/hep-th/0602089
http://inspirehep.net/search?p=find+EPRINT+hep-th/0602089
http://dx.doi.org/10.1016/j.nuclphysb.2009.01.006
http://arxiv.org/abs/0811.2900
http://inspirehep.net/search?p=find+EPRINT+arXiv:0811.2900
http://dx.doi.org/10.1007/JHEP11(2010)083
http://arxiv.org/abs/1007.5509
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.5509
http://dx.doi.org/10.1007/JHEP11(2010)139
http://arxiv.org/abs/1009.4657
http://inspirehep.net/search?p=find+EPRINT+arXiv:1009.4657
http://dx.doi.org/10.1007/JHEP05(2011)131
http://arxiv.org/abs/1102.0934
http://inspirehep.net/search?p=find+EPRINT+arXiv:1102.0934
http://dx.doi.org/10.1088/1126-6708/2007/02/003
http://arxiv.org/abs/hep-th/0612072
http://inspirehep.net/search?p=find+EPRINT+hep-th/0612072
http://dx.doi.org/10.1016/j.nuclphysb.2015.01.023
http://arxiv.org/abs/1410.8403
http://inspirehep.net/search?p=find+EPRINT+arXiv:1410.8403
http://dx.doi.org/10.1088/1126-6708/1998/07/021
http://arxiv.org/abs/hep-th/9806146
http://inspirehep.net/search?p=find+EPRINT+hep-th/9806146
http://dx.doi.org/10.1088/1126-6708/2005/10/065
http://arxiv.org/abs/hep-th/0406102
http://inspirehep.net/search?p=find+EPRINT+hep-th/0406102
http://dx.doi.org/10.1088/1126-6708/2009/09/099
http://arxiv.org/abs/0904.4664
http://inspirehep.net/search?p=find+EPRINT+arXiv:0904.4664
http://dx.doi.org/10.1088/1126-6708/2009/09/090
http://arxiv.org/abs/0908.1792
http://inspirehep.net/search?p=find+EPRINT+arXiv:0908.1792
http://dx.doi.org/10.1007/JHEP07(2010)016
http://arxiv.org/abs/1003.5027
http://inspirehep.net/search?p=find+EPRINT+arXiv:1003.5027
http://dx.doi.org/10.1007/JHEP08(2010)008
http://arxiv.org/abs/1006.4823
http://inspirehep.net/search?p=find+EPRINT+arXiv:1006.4823
http://dx.doi.org/10.1007/JHEP09(2011)013
http://arxiv.org/abs/1107.0008
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.0008

[36] O. Hohm and S.K. Kwak, Frame-like geometry of double field theory,
J. Phys. A 44 (2011) 085404 [arXiv:1011.4101] [NSPIRE].

[37] 1. Jeon, K. Lee and J.-H. Park, Differential geometry with a projection: application to double
field theory, JHEP 04 (2011) 014 [arXiv:1011.1324] [NSPIRE].

[38] 1. Jeon, K. Lee and J.-H. Park, Stringy differential geometry, beyond Riemann,
Phys. Rev. D 84 (2011) 044022 [arXiv:1105.6294] [INSPIRE].

[39] 1. Jeon, K. Lee and J.-H. Park, Incorporation of fermions into double field theory,
JHEP 11 (2011) 025 [arXiv:1109.2035] [INSPIRE].

[40] O. Hohm and S.K. Kwak, N = 1 supersymmetric double field theory, JHEP 03 (2012) 080
[arXiv:1111.7293] [NSPIRE].

[41] 1. Jeon, K. Lee and J.-H. Park, Supersymmetric double field theory: stringy reformulation of
supergravity, Phys. Rev. D 85 (2012) 081501 [Erratum ibid. D 86 (2012) 089903]
[arXiv:1112.0069] [INSPIRE].

[42] I. Jeon, K. Lee and J.-H. Park, Ramond-Ramond cohomology and Op p T-duality,
JHEP 09 (2012) 079 [arXiv:1206.3478] [INSPIRE].

[43] O. Hohm and B. Zwiebach, Large gauge transformations in double field theory,
JHEP 02 (2013) 075 [arXiv:1207.4198] [iNSPIRE].

[44] 1. Jeon, K. Lee, J.-H. Park and Y. Suh, Stringy unification of type ITA and IIB supergravities
under N =2 D = 10 supersymmetric double field theory, Phys. Lett. B 723 (2013) 245
[arXiv:1210.5078] [INSPIRE].

[45] D.S. Berman, C.D.A. Blair, E. Malek and M.J. Perry, The Op p geometry of string theory,
Int. J. Mod. Phys. A 29 (2014) 1450080 [arXiv:1303.6727] INSPIRE].

[46] B.R. Greene, A.D. Shapere, C. Vafa and S.-T. Yau, Stringy cosmic strings and noncompact
Calabi-Yau manifolds, Nucl. Phys. B 337 (1990) 1 [iInSPIRE].

[47] P. Meessen and T. Ortin, An SL(2, Z) multiplet of nine-dimensional type-II supergravity
theories, Nucl. Phys. B 541 (1999) 195 [hep-th/9806120] [nSPIRE].

[48] G.W. Gibbons, M.B. Green and M.J. Perry, Instantons and seven-branes in type IIB
superstring theory, Phys. Lett. B 370 (1996) 37 [hep-th/9511080] [INSPIRE].

[49] E. Bergshoeff, A. Collinucci, U. Gran, D. Roest and S. Vandoren, Non-extremal
D-instantons, JHEP 10 (2004) 031 [hep-th/0406038| [INSPIRE].

[50] E.A. Bergshoeff, J. Hartong, A. Ploegh and D. Sorokin, Q-instantons, JHEP 06 (2008) 028
[arXiv:0801.4956] [INSPIRE].

[51] D.S. Berman and F.J. Rudolph, Branes are waves and monopoles, arXiv:1409.6314
[INSPIRE].

[52] D.S. Berman and M.J. Perry, Generalized geometry and M-theory, JHEP 06 (2011) 074
[arXiv:1008.1763] [INSPIRE].

[53] D.S. Berman, E.T. Musaev and M.J. Perry, Boundary terms in generalized geometry and
doubled field theory, Phys. Lett. B 706 (2011) 228 [arXiv:1110.3097] [INSPIRE].

[54] D.S. Berman, H. Godazgar, M. Godazgar and M.J. Perry, The local symmetries of M-theory
and their formulation in generalised geometry, JHEP 01 (2012) 012 [arXiv:1110.3930]
[INSPIRE].

— 33 —


http://dx.doi.org/10.1088/1751-8113/44/8/085404
http://arxiv.org/abs/1011.4101
http://inspirehep.net/search?p=find+EPRINT+arXiv:1011.4101
http://dx.doi.org/10.1007/JHEP04(2011)014
http://arxiv.org/abs/1011.1324
http://inspirehep.net/search?p=find+EPRINT+arXiv:1011.1324
http://dx.doi.org/10.1103/PhysRevD.84.044022
http://arxiv.org/abs/1105.6294
http://inspirehep.net/search?p=find+EPRINT+arXiv:1105.6294
http://dx.doi.org/10.1007/JHEP11(2011)025
http://arxiv.org/abs/1109.2035
http://inspirehep.net/search?p=find+EPRINT+arXiv:1109.2035
http://dx.doi.org/10.1007/JHEP03(2012)080
http://arxiv.org/abs/1111.7293
http://inspirehep.net/search?p=find+EPRINT+arXiv:1111.7293
http://dx.doi.org/10.1103/PhysRevD.86.089903
http://arxiv.org/abs/1112.0069
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.0069
http://dx.doi.org/10.1007/JHEP09(2012)079
http://arxiv.org/abs/1206.3478
http://inspirehep.net/search?p=find+EPRINT+arXiv:1206.3478
http://dx.doi.org/10.1007/JHEP02(2013)075
http://arxiv.org/abs/1207.4198
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.4198
http://dx.doi.org/10.1016/j.physletb.2013.05.016
http://arxiv.org/abs/1210.5078
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.5078
http://dx.doi.org/10.1142/S0217751X14500808
http://arxiv.org/abs/1303.6727
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.6727
http://dx.doi.org/10.1016/0550-3213(90)90248-C
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B337,1
http://dx.doi.org/10.1016/S0550-3213(98)00780-9
http://arxiv.org/abs/hep-th/9806120
http://inspirehep.net/search?p=find+EPRINT+hep-th/9806120
http://dx.doi.org/10.1016/0370-2693(95)01565-5
http://arxiv.org/abs/hep-th/9511080
http://inspirehep.net/search?p=find+EPRINT+hep-th/9511080
http://dx.doi.org/10.1088/1126-6708/2004/10/031
http://arxiv.org/abs/hep-th/0406038
http://inspirehep.net/search?p=find+EPRINT+hep-th/0406038
http://dx.doi.org/10.1088/1126-6708/2008/06/028
http://arxiv.org/abs/0801.4956
http://inspirehep.net/search?p=find+EPRINT+arXiv:0801.4956
http://arxiv.org/abs/1409.6314
http://inspirehep.net/search?p=find+EPRINT+arXiv:1409.6314
http://dx.doi.org/10.1007/JHEP06(2011)074
http://arxiv.org/abs/1008.1763
http://inspirehep.net/search?p=find+EPRINT+arXiv:1008.1763
http://dx.doi.org/10.1016/j.physletb.2011.11.019
http://arxiv.org/abs/1110.3097
http://inspirehep.net/search?p=find+EPRINT+arXiv:1110.3097
http://dx.doi.org/10.1007/JHEP01(2012)012
http://arxiv.org/abs/1110.3930
http://inspirehep.net/search?p=find+EPRINT+arXiv:1110.3930

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

D.S. Berman, H. Godazgar, M.J. Perry and P. West, Duality invariant actions and
generalised geometry, JHEP 02 (2012) 108 [arXiv:1111.0459] INSPIRE].

D.S. Berman, E.T. Musaev, D.C. Thompson and D.C. Thompson, Duality invariant
M-theory: gauged supergravities and Scherk-Schwarz reductions, JHEP 10 (2012) 174
[arXiv:1208.0020] [INSPIRE].

D.S. Berman, M. Cederwall, A. Kleinschmidt and D.C. Thompson, The gauge structure of
generalised diffeomorphisms, JHEP 01 (2013) 064 [arXiv:1208.5884] INSPIRE].

J.-H. Park and Y. Suh, U-geometry: SL(5), JHEP 04 (2013) 147 [Erratum ibid. 11 (2013)
210] [arXiv:1302.1652] [INSPIRE].

O. Hohm and H. Samtleben, U-duality covariant gravity, JHEP 09 (2013) 080
[arXiv:1307.0509] [NSPIRE].

J.-H. Park and Y. Suh, U-gravity: SL(N), JHEP 06 (2014) 102 [arXiv:1402.5027]
[INSPIRE].

O. Hohm and H. Samtleben, Exceptional form of D = 11 supergravity,
Phys. Rev. Lett. 111 (2013) 231601 [arXiv:1308.1673] [INSPIRE].

O. Hohm and H. Samtleben, Exceptional field theory I: Egg) covariant form of M-theory and
type IIB, Phys. Rev. D 89 (2014) 066016 [arXiv:1312.0614] INSPIRE].

O. Hohm and H. Samtleben, Ezceptional field theory II: Eq(7y,
Phys. Rev. D 89 (2014) 066017 [arXiv:1312.4542] [INSPIRE].

H. Godazgar, M. Godazgar, O. Hohm, H. Nicolai and H. Samtleben, Supersymmetric E7
exceptional field theory, JHEP 09 (2014) 044 [arXiv:1406.3235] [INSPIRE].

O. Hohm and H. Samtleben, Ezceptional field theory II1: Exs),
Phys. Rev. D 90 (2014) 066002 [arXiv:1406.3348] [INSPIRE].

C.D.A. Blair and E. Malek, Geometry and fluzes of SL(5) exceptional field theory,
arXiv:1412.0635 [INSPIRE].

D.S. Berman and F.J. Rudolph, Strings, branes and the self-dual solutions of exceptional
field theory, arXiv:1412.2768 [INSPIRE].

E. Musaev and H. Samtleben, Fermions and supersymmetry in Egg) exceptional field theory,
JHEP 03 (2015) 027 [arXiv:1412.7286] [INSPIRE].

— 34 —


http://dx.doi.org/10.1007/JHEP02(2012)108
http://arxiv.org/abs/1111.0459
http://inspirehep.net/search?p=find+EPRINT+arXiv:1111.0459
http://dx.doi.org/10.1007/JHEP10(2012)174
http://arxiv.org/abs/1208.0020
http://inspirehep.net/search?p=find+EPRINT+arXiv:1208.0020
http://dx.doi.org/10.1007/JHEP01(2013)064
http://arxiv.org/abs/1208.5884
http://inspirehep.net/search?p=find+EPRINT+arXiv:1208.5884
http://dx.doi.org/10.1007/JHEP04(2013)147
http://arxiv.org/abs/1302.1652
http://inspirehep.net/search?p=find+EPRINT+arXiv:1302.1652
http://dx.doi.org/10.1007/JHEP09(2013)080
http://arxiv.org/abs/1307.0509
http://inspirehep.net/search?p=find+EPRINT+arXiv:1307.0509
http://dx.doi.org/10.1007/JHEP06(2014)102
http://arxiv.org/abs/1402.5027
http://inspirehep.net/search?p=find+EPRINT+arXiv:1402.5027
http://dx.doi.org/10.1103/PhysRevLett.111.231601
http://arxiv.org/abs/1308.1673
http://inspirehep.net/search?p=find+EPRINT+arXiv:1308.1673
http://dx.doi.org/10.1103/PhysRevD.89.066016
http://arxiv.org/abs/1312.0614
http://inspirehep.net/search?p=find+EPRINT+arXiv:1312.0614
http://dx.doi.org/10.1103/PhysRevD.89.066017
http://arxiv.org/abs/1312.4542
http://inspirehep.net/search?p=find+EPRINT+arXiv:1312.4542
http://dx.doi.org/10.1007/JHEP09(2014)044
http://arxiv.org/abs/1406.3235
http://inspirehep.net/search?p=find+EPRINT+arXiv:1406.3235
http://dx.doi.org/10.1103/PhysRevD.90.066002
http://arxiv.org/abs/1406.3348
http://inspirehep.net/search?p=find+EPRINT+arXiv:1406.3348
http://arxiv.org/abs/1412.0635
http://inspirehep.net/search?p=find+EPRINT+arXiv:1412.0635
http://arxiv.org/abs/1412.2768
http://inspirehep.net/search?p=find+EPRINT+arXiv:1412.2768
http://dx.doi.org/10.1007/JHEP03(2015)027
http://arxiv.org/abs/1412.7286
http://inspirehep.net/search?p=find+EPRINT+arXiv:1412.7286

	Introduction
	Supergravity description of defect branes
	beta-supergravity
	The action and its reduction
	5**2(2)-brane as a source of the Q-flux

	Ramond-Ramond counterpart of the beta-supergravity
	The effective action for the P-flux
	5**2(3)-brane as a source of the P-flux

	Effective actions for non-geometric fluxes
	Effective actions for the P-fluxes
	Relating the new and the original background fields
	Effective actions for Q-fluxes
	Seven branes and instantons
	The mixed-symmetry tensors
	Summary of the results

	Summary and discussions
	Field redefinitions and a derivation of the action

