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1 Introduction

Ever since the pioneering work of Nekrasov [1] there has been great interest in studying
supersymmetric but non-Lorentz invariant deformations of gauge theories. In this paper our
approach to studying deformations and defects in supersymmetric gauge theories consists of
realising the whole setup in string theory. The string-theoretical picture consists of branes
embedded in a flux background and allows us to access and relate a variety of systems with
deformations and defects via duality cascades including T-dualities, S-dualities and lifts.
In particular we realise the gauge theory in terms of the fluctuations of a D brane using
a Dirac-Born-Infeld (DBI) action. The presence of the deformation is encoded by fluxes
which are switched on in the bulk spacetime where the brane is embedded. When the
fluxes are misaligned, i.e. break part of the symmetry preserved by the brane setup, the
resulting gauge theory receives a deformation. In this way the Omega-deformation of [1]
can be constructed as a brane in the fluxtrap background [2-4]. However whole families of
deformations can be realised in this way and we wish to investigate some of these here.
We note that recently a similar approach to constructing deformations of 4-dimensional
N = 4 super-Yang-Mills has appeared in [5, 6]. In those works the focus was on constructing
theories with variable couplings by placing D3 branes in backgrounds generated by other



Dp branes. Here we describe deformations which we associate to a twisting of the gauge
theory connection with the R-symmetry and which are valid in a variety of dimensions.
In particular we consider a different class of flux backgrounds which involve a choice of
anti-symmetric 2-tensor w!” transverse to the branes that we identify with a generator of
the R-symmetry.

This brane approach is in many ways technically simpler than direct gauge theory
calculations. The string construction gives a ten-dimensional geometric perspective that
makes the symmetries of the system more manifest and easily accessible. In particular,
the supersymmetric properties are very easily described. Using the DBI action, and the
String Theory realisation, we have a fully microscopic description that goes beyond the
information contained in the partition function. We also give the fermionic actions and
the supersymmetry transformations derived from the branes, both for the Abelian and the
non-Abelian cases.

The curved string theory background that we use in this work is S-dual to the fluxtrap
deformation discussed in [2, 3, 7-9]. This results in the presence of Ramond-Ramond (RR)
fields instead of a B field. Another difference to earlier constructions is that all the spatially
extended branes discussed here are extended in the “Melvin” direction, which plays a
special role for the background deformation. Unlike in previous examples of gauge theory
deformations stemming from a flux background in string theory, where the deformations
took the form of (twisted) mass deformations or Omega-type deformations, we find here
deformations of a different form. In the simplest case of the construction discussed here the
deformation has an obvious interpretation as a Wilson line defect where the R-symmetry
is twisted into the gauge symmetry. However we will also present higher-dimensional
analogues whose interpretation as a defect is less clear-cut but which also involve a gauge
connection that is twisted by the R-symmetry.

The plan of this article is as follows. In section 2, as a warm-up, we discuss first a
particle propagating in a magnetic field in terms of a Wilson line for a gauge connection
that is twisted by the R-symmetry. We then realise this in String Theory as a D0 brane
in a RR flux background. Via T-duality, we can reach general Dp branes, giving rise to
higher-dimensional gauge theories with line defects (section 2.3). We finally generalise our
treatment to non-Abelian gauge theories and discuss the conserved supersymmetries in
section 2.4. In section 2.4, we give a general discussion of Wilson lines of global symme-
tries. In section 3, we discuss the lift to M-theory and study deformed Bagger-Lambert-
Gustavsson (BLG) and Aharony-Bergman-Jafferis-Maldacena (ABJM) models, including a
maximally supersymmetric deformation of ABJM theory.

Via a duality cascade, we can reach various D brane configurations giving rise to novel
deformations which are reminiscent of higher-dimensional defects. In section 4, we discuss
higher-dimensional deformations starting from a background which is related to the one
used for the D1 brane case by two T-dualities. We start with the case of a D5 brane in this
background, as it is the simplest, only containing a Cy form and no dilaton (section 4.1). Tt
gives rise to a deformation of a 6-dimensional gauge theory that has a natural interpretation
as two orthogonal 3-dimensional defects. We give the supersymmetric D5 brane action,
discuss the global symmetries of this configuration, and the equations of motion for the



scalars and gauge field. We find that the supersymmetry transformations are modified
by the deformation (to first order in the deformation parameter) such that the spinorial
transformation parameter receives space-dependent correction. Finally, we discuss the
non-Abelian generalisation of this case which arises for a stack of multiple D5 branes.

Another interesting case, related to the one of the D5 by two T-dualities, is the one
arising from a D3 brane which we study in section 4.2. This results in a deformed four-
dimensional gauge theory with a natural interpretation as two orthogonal 2-dimensional
defects. The discussion follows the same lines as the one of the D5 brane case treated
before. All the other cases which can be reached from the D5 brane case via T-dualities
are summarised in section 4.3.

In section 5 we present concluding remarks. In appendix A, the fluxtrap construction
is reviewed and in appendix B we give our conventions for the notation.

2 Deformations and line defects

In this section, we consider a twisted Wilson line defect. A time-like Wilson line, as in our
case, is also known as a Polyakov line in the literature.

2.1 Particle in a magnetic field

Let us start with the simplest physical system of the class we are aiming to describe here:
a massless complex scalar field Z(t) in zero dimensions. The system has a manifest U(1)
symmetry that rotates Z(t) — e*Z(t) that we gauge with a field A(t). The Lagrangian is
given by

1

L =
2g2

(Do+A(1) Z(t) (20+A(1)) Z(1), (2.1)

and it is clearly invariant under

(2.2)

Z(t) = M Z(t)
A(t) > A(t) — i BoA(t).

If we give to A a large constant vacuum expectation value (VEV), (A) = ie, the action
reads (Z = X 4+ 1Y)

L= 2;2 (Doic) Z(t) (do—ie) Z(t)

= 2;2 XA +Y ()2 + 22X (4)Y (t) — 2eY (1) X (t) + €2 (X (£)* + Y(t)Q)} _

(2.3)

This is the same as the action of a classical particle of unit mass and charge in two di-

mensions propagating in the presence of a constant magnetic field orthogonal to the plane

(with potential A = eydz — exdy) and with a scalar potential V(x,y) = —% (ZL‘2 + y2).
The corresponding equation of motion (EOM) is

Z(t) — 2ieZ(t) — 22 =0, (2.4)



which admits the general solution
Z2(t) = (p+ Ct) ™, (2.5)

where p and C are real constants.
Performing a Legendre transform we see that € takes the role of a chemical potential
for the U(1) rotation acting linearly on Z,

H =2¢°PP —ic (ZP - ZP). (2.6)

The energy of the classical solution is H = ﬁCQ and it is minimal for C = 0. This gives
us an intuitive picture of the dynamics. The particle moves in a circle of radius p in the
complex plane with constant angular velocity e.

This very simple example admits many generalisations. For instance, we can have mul-
tiple charged scalars Z4 and add fermions to make the system supersymmetric. Another
possibility is to go to higher dimensions and write a field theory in d + 1 dimensions. In
this spirit, we want to embed our construction in string theory. Then the field Z4 encodes
the fluctuations of a DO brane moving in the direction Z4. The VEV of the gauge field is
realised in terms of a flux in the bulk and the potential term arises from gravitational back
reaction of the flux. In this language, neglecting the fluctuations of the field A amounts to
taking the probe limit for the dynamics of the DO brane. The VEV is nothing else than the
pullback of the (non-dynamical) bulk RR field in the DBI action.

2.2 Twisted Wilson line for DO branes

Next, we consider a string theory set-up where a DO brane is extended along 2°, while

1 .., 28 orthogonal to the brane. At first

an RR flux background deforms the directions z
order in the deformation, we have a constant two-form flux orthogonal to the brane. The
flux defines an element of the so(8) R-symmetry algebra. Due to the standard Wess-
Zumino (wz) coupling to the background RR—flux one finds that the flux induces a twist of
the gauge theory u(NN) connection with the R-symmetry. The flux manifests itself in the

gauge theory as a background Wilson line in this twisted connection.

The string theory background. Take the type 1I1B background that we refer to as
the RR fluxtrap, which was introduced in [9] as an S-dual of the fluxtrap solution [2] (see
appendix A for details). The bulk fields are given by

ds?y = A | —(dz®)? + (dz!)? + <(51J — UIUJ) da:ldx‘]} ,

A2
3 2.7
b = ilogA, (2.7)
1
Cl — EU,
where
U = Uydaz’
_ 1 I3..J
= 2wux dx (2.8)
.4
= % Z ea(z4dz? — 24d2),
A=1



and
A=+1+UU;617 . (2.9)

Here, and in the following, we have introduced both real coordinates =/, I = 2,...,9 and
complex coordinates

A= it A=1,2,3.4 (2.10)

which diagonalise iwy; with eigenvalues £e4. Note that in the original construction of
the fluxtrap as a T-dual of Melvin space (also known as a fluxbrane background) the
coordinate z! was taken to be periodic (the Melvin direction, see appendix A). However
once this solution is obtained one can allow the periodicity to be arbitrary or even infinite
as we do here.

To first order in the deformation parameters €4 this solution is simply a constant
two-form RR flux in string theory in a flat background. The full solution includes the
complete gravitational back-reaction to all orders in the parameters €4. The discussion
here is therefore similar in spirit to that of [10]. In that paper M2 branes were placed in a
flux background which, to first order in the fluxes, is flat and preserves supersymmetry but
induces mass-like deformations on the M2 brane gauge theory. However supersymmetry
requires that there must also be second-order corrections to the gauge theory and these can
be interpreted as arising from spacetime curvature due to the gravitational back reaction of
the fluxes. A key difference here is that (2.7) is the full back reacted solution and therefore
the DBI action captures all the necessary supersymmetric deformations to the brane, at
least in the Abelian case. Thus in this paper we will use the DBI action to construct the
deformed Abelian brane theory. We will then explicitly construct the supersymmetry and
find the non-Abelian extension.

The number of preserved supersymmetries is determined by the equation [7]

4
wr T e=2i) e 0244 e =, (2.11)
A=1

where € is a ten-dimensional chiral spinor. The following alternatives are possible:

e for general values of deformation parameters {e A}jzl, all supersymmetries are bro-
ken;

e for ijl €4 = 0, some of the Killing spinors are preserved. Fach independent non-
vanishing ¢ reduces the supersymmetry by one half;

e for eq = ¢, VA = 1,2, 3,4, remarkably, there are twelve linearly independent Killing
Spinors.

e for £1 = g9 and €3 = g4, eight supercharges are unbroken.

Gauge theory action in two dimensions. Consider now a DO brane in this back-

0

ground, extended in the direction x" as given in table 1. The bosonic action for the static



x 0 1 2 3 45 6 7 89
fluxtrap €1 €2 €3 €4
DO brane x Z1 A VA Z4

Table 1. DO brane and its scalar fields in the fluxtrap background.

embedding of the brane is

9

_ 1 0 I a0y I JvK I J

Spo = —ng dx [Z 0o X" 0" X"+ Z wikwirg X° X —2Zw]JX 00 X7 |. (2.12)
I=1 ILJK 1J

In order to facilitate the interpretation, we introduce complex coordinates and rewrite the

action as

. (2.13)

4
Spo = _; da® [aoxl X'+ (0027 +icaz?) (027 —icaZ?)
A=1

where the Z4 are the complex fields in table 1. The contribution at first order in e comes
from the RR flux in the bulk via the Chern-Simons (Cs) term; the metric and the dilaton
contribute to the quadratic term. As expected, this is the generalisation of the action in
eq. (2.3) to more than one field. In this case, moreover, the system is supersymmetric
and the fermionic part of the action is readily evaluated using the results of [11] and it is

given by
. 4
Sp = 2—12 / dz®WI0 9p W + )~ We, A4y
g —
e (2.14)
_ 1 0.3, 720 . 2A(2A+1
=25 dzOUT <ao+ngAr ( >> v,
A=1
where ¥ is a 32-dimensional Majorana spinor subject to the constraint I'1; ¥ = —W. The

DO brane will break half of the supercharges preserved by the bulk fields. We will return
to this in the following, when we discuss the higher-dimensional generalisations of this
construction. We have therefore succeeded in realising the simple case of a particle in
a magnetic field, which was discussed at the beginning of this section, as a DO brane in
String Theory.

2.3 The Dp branes

Setting various €’s of our original background to zero results in isometries along the asso-
ciated directions. We can therefore T-dualise in those directions to obtain Dp branes in a
background flux.

Action in higher dimensions. The (p + 1)-form potential then takes the form (up to
second order in €):

1
oW+l — Z iwuxlda}‘] Adzt0 P Ao A de?
-~ (2.15)

=UAdz' 0P A AdDP.



The corresponding flux is Gpy2 = dCp41. Let us now introduce a Dp brane that is mis-
aligned, in the sense that Gp42 has two indices off the brane. We use the coordinates x*,
@ = 0,...,p along the brane and I,J = p+ 1,p+ 2,.... From the CS term there is a
coupling (a hat denotes the pull-back to the world volume),

Scs:/ép+1

= /dpﬂxs“()---ﬂpcuo,,,upMJXI%XJ (2.16)
:/dp"’le)‘wUXI@)\X‘],

where we have rewritten Gpy1 = %1 A w, with w = dU a 2-form transverse to the brane
and &1 a one-form along the brane.

The 2-form w can be thought of as an element of the R-symmetry Lie algebra and as
such generates a rotation in the transverse space. Spinors which satisfy

wrT7e=0 (2.17)

are preserved by the rotation and therefore one might expect that the brane preserves these
supersymmetries under the deformation induced by the flux.
The form of the action is the natural generalisation of the one in eq. (2.13):

[(9-p)/2
Sop= oy [0 | SF 430 @+ a6 ) (0021 ka2 | 213)
A=1
where

&u="95," (2.19)

is a constant Polyakov line i.e. represents a constant VEV for the U(1) gauge field as in
§ 2.1. We find that the presence of the flux in the bulk is translated into a non-trivial
background value of a Polyakov line in the gauge theory that describes the motion of the
Dp brane. In other words, the undeformed theory is coupled to a one-dimensional defect.
The fermionic term in eq. (2.14) is also directly generalised to obtain a supersymmetric
action, as discussed in the next section.

2.4 Supersymmetry and non-Abelian generalisation

The analysis of the previous section can be repeated for the non-Abelian configuration of a
stack of Dp branes. For the DBI part once more we see that the metric does not contribute
to terms in ¢ if we limit ourselves to terms with two derivatives. The only new contribution
comes from the dilaton and it has the same form as for the Abelian case. We have:

1 1 1 1
Sper = —2Tr/dp+1a: [4F2 +5 du X" o X+ §WIKWJKXIXJ
g

_ %[XI,XJ] [XI,XJH, (2.20)



where now X7 is a matrix and D is a Lie-algebra valued covariant derivative. Following [12],
the ¢s term for D branes in a generic RR-field background is

Scs = 912Tr/ (e%”’”xz C(")> esz] , (2.21)

where 1y is the interior product with X seen as a vector in the transverse space. The only

relevant term in our configuration corresponds to the field CPt1 = U A d2'9P A -+ A da?
in eq. (2.15). The field has p legs in the worldvolume of the brane and only one in the
transverse space. It follows that no contraction is possible with XX and the only term
remaining is the natural generalisation of eq. (2.16)

1
Scs = — /dpﬂxf/\quf(XIDAXj)- (2:22)
g

Supersymmetry. We start with the usual (undeformed) action for a Dp brane, given
by ten-dimensional super Yang-Mills (sYm) theory reduced to p + 1 dimensions:

1 1 1 i
Ssym = ——Tr / 4Pl [4F“”FW + §DMX1 DrxT 4 %\I/F“DMII/
)

S R | N A

We use a notation where ¥ and e are 32-component Majorana spinors subject to the
constraints

'v=-v, I'ije =€ (2.24)
This action is invariant under the supersymmetry transformations
X! = ier!w,
0A, =iel',¥, (2.25)
50 =TT D, X1 + %F“”F,we — ér“[xﬂ X7e .
The deformation arises from the flux term

1 =
Ses = —5'Ir / drHagror, [XIDAXJ - éwm”qf , (2.26)
g

where we have made the fields non-Abelian and also included a fermionic term. Here we
see that S.s can be written as

1
Ses = ? /waL]J)I\J, (2.27)

where J {J is the R-symmetry current. In addition to this linear perturbation in the flux
there is a gravitational back-reaction which induces a second-order term

1
Sy = “5g2 /@leKwKTr(XIXJ). (2.28)



These terms can all be deduced in the Abelian case by examining the standard brane action
including cs terms.
One then sees that the resulting action

S = Ssym + Scs + 52 (2.29)
simply corresponds to making the replacement

D, X" - D, X" =D, X" + ¢ XX,
1 KL (2.30)
D,V — D,V =D,V + EfquLF U

in the original sym action. Thus the effect of the flux is to induce a twisting of the world
volume gauge symmetry with the R-symmetry. The deformed action is invariant under the
supersymmetry transformation where D, is now replaced by D,,:

X! =jerlv,
5A, = iel, W, (2.31)
00 = THTID, X e + %FMVFNVE - %F” X7, X7,
provided that
I =, wrgMe=0. (2.32)

Furthermore one sees that the algebra closes onto translations, gauge transformations and
R-symmetries:
X' = 2i(&Ie;)D, X7,
[01,02] Ay, = 2i(E1"er)Fyy, (2.33)
[01,02]¥ = 2i(e2e1) D,V + ...,

where the ellipses denote terms which vanish on-shell.

The second condition in (2.32) tells us how much supersymmetry is preserved by
the defect. Note that iw;; is a Hermitian and anti-symmetric matrix: therefore it is
diagonalisable and its eigenvalues come in pairs differing by a sign. Thus we can introduce
orthogonal complex coordinates Z4 such that

wiy = : (2.34)

and similarly for the complex conjugates. For generic choices of &’s, w breaks the R-
symmetry group from SO(9—p) to a product of U(1)’s. The deformation induces a twisting
of the gauge theory connection, D, — D,, (eq. (2.30)), that includes a common extra U(1),
under which each of the complex scalar fields can be thought of as carrying charge €4.
Depending on the choice of these charges, the final configuration preserves between 0 and 8



conditions on €4 unbroken SUSYs chirality (w.r.t. T0%)
Zi:l ea=0 0 -
S ea=0&es =0 4 (2,2)
€1 = *eo&eg3=¢e4=0 8 (4,4)
€1 =eg& ez =¢4 4 (4,0)
€1 =9 — €3 = ¢4 6 (6,0)

Table 2. Unbroken supersymmetries in the D1 action for different choices of the € parameters.

Killing spinors (unbroken supersymmetries). One last comment is needed about chirality.
In the D1 brane case (i.e. for a two-dimensional gauge theory), some of the configurations
of the € in the background preserve a chiral (with respect to the operator I'°!) subset of
the supersymmetries. These are inherited by the theory on the brane that can then be
chiral with (4,0) or (6,0) supersymmetry (see table 2). It is easy to verify that no chiral
configurations are possible for higher-dimensional theories.

subsectionWilson lines of global symmetries

We can consider a general supersymmetric gauge theory that has a Lagrangian £ and
global symmetry H. By standard techniques we can gauge this symmetry by introducing
an additional gauge field B, which takes values in Lie(H) and modifying the covariant

derivative to
Dy =Dy —By . (2.35)
The new action is obtained from the old by the replacement D, — D,:
‘Cdeformed = L(Du — Du) 5 (236)

where G,,,, is the field strength of B,,. If B, is a flat connection then the effect of this change
is locally trivial. So therefore the supersymmetry variation of this action must be of the
form, assuming 08, = 0,

0 Lgeformed = Z’gTr(ngQl“’) ’ (237)

where €2, is some expression in the original fields. We can fix this by including a new
Lagrange multiplier field x*” into the action

Leformed = L(Dy — Dy,) —iTr(x*Gu) (2.38)
and set
S = e . (2.39)

Thus 6 Lgeformed = 0 and we have a new supersymmetric gauge theory with H local.
However the gauge field B, carries no degrees of freedom and is constrained to be flat.!
Nevertheless this still allows us to introduce a Wilson line for B,,:

By = &uw, (2.40)

1One could also add a kinetic term —@%Tr(gz) with some coupling ¢’ so as to make B,, dynamical, this
would preserve supersymmetry provided B, is taken to be a supersymmetry singlet.

~10 -



where ¢, is constant and w is an element of Lie(H). Indeed we see from (2.37) that
0Sdeformed = 0 if B, is flat and therefore we do not need to introduce x** to preserve
supersymmetry. Thus the story we have told clearly generalises to include additional
matter content and, since it is simply based on weak-gauging, it should also apply to
non-Lagrangian theories.

3 Lift to M-theory

The fluxtrap background in eq. (2.7) can be lifted to M-theory and is given by

UrU;
A2

(da')? + (dz'?)?
A2 ’

ds?, = Al/6 [—(dgco)2 - (51 J— > de’da? +
) (3.1)

C3 = s5dz’ Ndz'® AU.
We want to study M2 branes extended along 2, 2!, 19 in this configuration. The analysis
is clearly similar to the Dp brane story above. Let us first consider the BLG model [13-16]

of two M2 branes. Here the undeformed action is
. 1 ) —
SBLG = — /ddﬂﬁ §<DuX17D“XI> + %(W,F“DH\W
1 - 1
+ (0TI X7 W) 4+ (X X X X X X))~ Los, (3:2)

where ( -, - ) is the inner-product on the 3-algebra, [ -, -, -] the totally anti-symmetric
product (subject to the fundamental identity), Lcg is a Chern-Simons term for su(2)®su(2)
with opposite levels. The matter fields are in the bi-fundamental of SU(2) x SU(2) or
(SU(2) x SU(2))/Zz. This is invariant under the supersymmetry transformations

oXT = —ier!w,
5;1/1( ’ ) = _ZEFMFI[XI? v, - ]7 (3.3)
1
o¥ =TT!D, X7 — 6FUK[XT,XJ,XK]E,
where I'g10¢ = € and T'g1o2¥ = —U.
The coupling to the background fluxes was discussed in [10]. The relevant term in this

case is

Swz = /d3IE€MV>\CH[J<DVXI,D)\XJ> . (3.4)

This has the same effect as before leading to a deformed action Sgrg + Swz + So which
again is obtained by the replacement (2.30) applied to the BLG model. The preserved
supersymmetries then satisfy

Lome=¢, wrMle=0. (3.5)

As with the Dp branes one finds that the supersymmetry algebra closes on-shell to trans-
lations, gauge transformations and R-symmetry.

- 11 -



For the ABJM theory of M2 branes the story is slightly more complicated. Starting
with the ABJM/Aharony-Bergman-Jafferis (ABJ) models [17, 18], the undeformed action is
(here we used the conventions of [19], but see also [20, 21])

S = — Tr/d?’x DMZAD,ZA + g Dyiba +V — Les

+ i, Z8; Zp) — 219, ZB; Z4] (3.6)
i _ i _
- §8ABCD1/JA[ZC, ZP, 9P + §5ABCDZD[¢A7@Z)B§ Zcl,
where
(24,28 Zc) = N2 2028 — 2P 25727 . (3.7)

The supersymmetry transformations are

674 = ie'Byp,
S =YDy Z%ap + 29, 2% Zclean + (29, ZP; Zplecp, (3.8)
5A/$( : ) = _igAB/Y,u[ T ZA;wB] + iEABrVM[ : a¢B; ZA]

The relevant flux term is now [10]
Swz = / &Pz e C AR Tr(Dy ZaDAZP) + 2 C, ,PTr(D, Z D Zp).  (3.9)

It is important to note that a general w4 p defines an element of su(4) ®u(1). However only
su(4) generates an R-symmetry SU(4). The remaining u(1) generates a U(1) group which
is gauged in the ABJM/ABJ models. Furthermore while Z A and 14 transform in the same
representation of su(4) they carry opposite u(1) charges. Therefore it is useful to write

wsB =iwed 4B + 0,5, ot =0. (3.10)

Thus a general flux induces two different currents in the worldvolume theory:

Swz = /d?’x f/\iwoj)\ + f)‘(:)ABJfB, (3.11)

where
ju = To(ZAD,Za — DFZAZ4) — iTe(bADyipa), (3.12)
jap =Tr(ZDuZp — D' Z4Zp) + iTr($* Dyibp) (3.13)

are the u(1) gauge and su(4) R-symmetry currents respectively. With these points noted,
one again finds that the effect of the flux is to induce a connection taking values in the
R-symmetry and U(1) Lie algebras:
D, Z4 - D, Z* = D, Z* — i€ o Z? — €05 25, (3.14)
Dy — Dyt = D + i€wop® — .o yP. (3.15)

- 12 —



The preserved supersymmetries satisfy
(I)ACECB = (I)BC€CA . (3.16)

As before one finds that the supersymmetry algebra closes on-shell to translations, gauge
transformations and R-symmetry.
To examine this condition we choose a coordinate system where

€1
) €
wsB =i 2 , (3.17)
€3
€4
thus
1
wo = (1 +e2+e3+eq), (3.18)
351 — &9 — €3 — &4
o, = 362 — €1~ €3 ~ &4 . (3.19)

363 —e1 — €9 — €&y
364—81—52—63

The condition (3.16) is then simply that e4p is preserved if and only if
Eatep=cc+ep, (3.20)

where A, B, C, D are all distinct. Thus if €45 is preserved then so is ecp with C, D # A, B.
Since each e4p has two real spinor components, the total number of preserved supersym-
metries is a multiple of 4. In particular, for a generic choice, there are no supersymmetries.
If (3.20) is satisfied for any choice of pairs of €4’s, then there are 4 supersymmetries. If in
addition, there are two equal € 4’s then there are 8 supersymmetries. If all € 4 are equal, then
there are 12 preserved supersymmetries. This last choice corresponds to w AB = iwpd AB
and the resulting deformation simply adds a Wilson line to the A[j — Aﬁ U(1) gauge field,
without any additional twisting with the normal bundle, and does not break any super-
symmetries of the ABJM/ABJ model. Therefore one finds a one-dimensional maximally
supersymmetric family of deformed ABJM models.

4 Higher-dimensional deformations

In the previous section we constructed relatively simple deformations of gauge theories
that correspond to twisting the covariant derivative with the R-symmetry. From the String
Theory point of view these deformations arise from a brane in a flux background (the same
flux that couples to the brane) but which has been mis-aligned in the sense the two legs
of the flux lie off the brane. These deformations can also be interpreted as arising from
the presence of 1-dimensional Wilson line defect. As such these deformations are rather
generic and we explicitly constructed it for Dp branes and M2 branes.

We now want to consider a related deformation which also arises from putting branes in
a flux background (and again the same flux that couples to the brane) which is mis-aligned.
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However these deformations rely on the fact that the bulk fluxes are always self-dual in
the sense that if there is a non-vanishing flux arising from Cjp41 then there must also be
a non-vanishing C7_,. In the examples of the previous section the higher-form flux only
couples to the brane through higher-derivative terms and, at low energy, can be neglected
and decoupled. In this section we explore examples where both fluxes couple equally to
the brane.

The simplest example of such a flux is to consider a 4-form Cy in type IIB String
Theory whose field strength dCy must be self-dual. Such a flux can be obtained from the
fluxtrap solution above by setting £1 = €2 = 0 and T-dualizing twice. To first order the
resulting flux is dCy = E A w where

w = —edz® A dz” + eda® A da? (4.1)
and E = 4 xg = where ¢ is the Hodge dual in the 20, ..., 2% plane.
In this section we first consider a D5 brane placed along zV,...,2z% in this RR four-

form background, and then focus on a D3 brane. In the former case, we will find a
deformation that appears to arise from two intersecting 3-dimensional defects while in the
latter from two 2-dimensional ones. We will then describe how to reduce the gauge theory
via T-dualities to a variety of lower-dimensional theories, which generally carry either 2-
or 3-dimensional defects.

4.1 The D5 brane

RR four-form background I. Let us describe the ten-dimensional background of our
interest first. It can be derived starting from a flat background with Melvin identifications
(see appendix A for the derivation). This background contains a non-zero RR four-form,
but no dilaton or Kalb-Ramond field:

A A
da? Adad A da?
A2 ’

where o, 5 = 0,1,5; a,b =2,3,4; I,J = 6,7,8,9 and A as in eq. (2.9). The deformation

parameter wyy is given by wrg = fwgg = 2¢. It is convenient to recast the four-form

Sapdxdab
Imndax™dz™ = Anagd:cadxﬁ + CabCT CF + <A51J — UIUJ) dz'da”’
(4.2)

ChzzUJ\(deAdxlAdx5+

potential in the form

1 dz® A da® A dax¢
Cy = —gwux‘]dml A (Eaﬁydl‘a A dz? AdzY + Egpe i AQCQ : ) ’ (4.3)
where Z is an anti-self dual tensor
1 — 1 i
wrjy = :FielJKLWKL > Spvp = :Fge,u,upu’y’p’:'u v (44)
For convenience we will generally take
1
E=o (Eamdx“ A da? A da? + Egpedaz® A dz® A dxc)
23
=3 (—dxo Adzt Ade® £ da? Ada® A da:4) , (4.5)
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which will have the effect of splitting the D brane worldvolume into two subspaces
{z“}a=0,1,5 and {2}a=23 4.

Supersymmetric D5 brane action. Let us place a probe D5 brane in the static em-
bedding along {z#},—o,.. 5 and compute its effective action for bosons and fermions. We
start with the ¢s term. On the six-dimensional world-volume, only the product of the RR
four-form and the gauge field strength contribute:

Scs = 912 / CiNFy= —2;2 4z (LEQBWF/%UXJ X! + Egpe F 0wy X700 X1 ) .
(4.6)
This form suggests, in analogy with the Wilson line example of section 2, to introduce a
connection

1
A= 5ZoF"”, (@)

and a covariant derivative D that acts on the scalars as
DX =0, X+ A" X (4.8)

This can be seen as resulting from a non-minimal coupling of the scalars to the gauge field.
In this way one can rewrite the bosonic part of the Abelian action, to quadratic order in
the derivatives, in the compact form

Sp° = —912 / dz B\/fggwgf JD XD, X + in“pn”"FWFpg : (4.9)
where g7y and g, refer to the metric in the bulk (4.2) pulled-back to the brane:
Gop = Alag;
Gab = A Sap, (4.10)
gry = Adry — Uity

and y/—g is the square-root of the worldvolume components of the metric (which is in
fact 1). The latter breaks the Lorentz symmetry for the (1+5)-dimensional spacetime.
The curved metric both in real and in field space is encoded in the kinetic term for the
scalars. When we restrict ourselves to the linearised deformation, only the €S action
contributes to O(g).

Next, we study the fermionic part. The covariant derivative (4.8) emerges also in
the fermionic action, computed directly in terms of the pullback of the background fields
(see [22]). By choosing a canonical gauge-fixing condition for the 64-component spinor
0 = (T, )

M ®03)0=-0=V=0, (4.11)

a tedious computation shows that the Dirac action for the D5 brane is
i - 1
Sp° = 27 / d®2 0 [F“Du + 3 Z P JOMXITT | W+ O(?), (4.12)
where the covariant derivative acts on the spinors as

1 1
Dy = 0,9 + L Auwr 70 =0,0 + S S r T, (4.13)
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Spacetime and R-symmetries. Let us consider the symmetries in the action. The
insertion of a D5 brane breaks the Lorentz group from SO(1,9) to SO(1,5) x SO(4). The
former is a six-dimensional Lorentz symmetry whereas the latter is an R-symmetry for
four transverse scalars. However, the flux as well as the metric in the deformed background
further break SO(1,5) to SO(1,2) xSO(3). It is natural to interpret this symmetry breaking
as the consequence of the presence of two defects in the six-dimensional theory, which are
extended in {z%}4=0,1,5 and {2%}4=23.4.

Next, we discuss the R-symmetry breaking. By turning on the fluxes, the real scalars
are twisted in the covariant derivatives, and this makes the remaining R-symmetry hard to
see in the DBI action. The way out is to rewrite the action (4.9) using a doublet of complex

Z - <X6”X7> , (4.14)

scalars defined as

X8 FiX?

where the sign difference between X7 and X? reflects e; = Feo. Then, eq. (4.9) takes

the form
1 1 o1
Sp = 7 / d%i,/—ggw [A(DMZ)T D,Z — ‘7’{} + 0" B Fe (4.15)
where the § denotes a Hermitian conjugation and
Tu=UrDuX" == (z'D,Z - (P,2)'2) (4.16)
with a covariant derivative defined by
D,Z = 0,2+ 2ic A/Z. (4.17)

In this form the R-symmetry is manifestly broken to SU(2), under which the doublet Z
transforms in the fundamental representation.

Equations of motion. Since our D5 brane action preserves Lorentz invariance only in
1 + 2 dimensions, we can also think of the preserved supersymmetries as realising a d = 3,
N = 4 superalgebra, if the gauge theory is dimensionally reduced on the 72 generated by
{2%}4=2,34. Thus, it will be instructive to analyse our action by ignoring the dependence
of the fields on {z%}. This will allow us to see features of three-dimensional theories, such
as a dual photon.

First, let us derive the equations of motion for the scalars focusing on the bosonic
action. Note that the (a,)-component in the kinetic term of (4.15) is canonicalised
whereas the (a,b)-component is not. This implies that it is no longer possible to deal with
both directions on equal grounds, which results from the presence of defects.

Varying the action with respect to Z', one finds for Z

ny uv
(DMAg“VD,,)Z + i€ <DM <gA\7VZ> + gAj,uDl,Z>
ap
27 jajﬁ
ST AT 2

In the second line, both the indices «, 8 and a,b appear separately.

1 (D.Z) (DyZ)Z = 0. (4.18)

~16 —



Second, we derive the equation of motion for the gauge fields. Unlike for the scalar
fields, one can obtain two simpler equations:

2 _
o (Faﬁ — N:a57u77> + aaFag =0, (4.19)
o* (Fab — 2Eabcjc) +0%F,, =0 , (420)

where J,, is given by (4.16). Note that the mixed components Fg, do not receive any
corrections from the deformation. One could regard the effect of the deformation as shifting
the field strengths F,, 3 and F; by J,.

As earlier discussed for the dimensional reduction to three dimensions, it is natural
to restrict the spacetime dependence of the fields and to analyse the equations of motion.
We expect a 1+ 2 dimensional sector {z®}4—0,1,5 to be coupled inside the six-dimensional
worldvolume. For a simple interpretation, suppose that every field depends exclusively on
the {x®}-plane. Then the second term in (4.19) drops and one finds that the remaining
EOM describes the conservation of a current

2
o* (Faﬁ - Naamm> =0. (4.21)

The system is now effectively three-dimensional so it is convenient to rewrite the EOM as

1 1
d %3 (FN*3j>:d(*3F+A2j):O, (422)

where we have observed that the restriction of = to the three-dimensional subspace is
simply the Hodge star. The equation admits the solution

1
x5 F o+ 537 = do, (4.23)

which we can understand in terms of a dual scalar living in the deformed theory,

Ja

8Q¢E2Aa+§

(4.24)
Supersymmetry. By construction, the ten-dimensional background in eq. (4.2) pre-
serves 16 Killing spinors since it is related to Melvin space via a series of dualities. In
addition, the D5 brane on a classical configuration normally breaks half of the supersym-
metry. Therefore the D5 brane embedded in eq. (4.2) is expected to preserve 8 supercharges,
i.e. it can be seen as a maximally supersymmetric six-dimensional theory in the presence
of a half-Bogomol'nyi-Prasad-Sommerfield (BpS) defect.

We have shown that the deformation changes the form of the action, as discussed in
the previous section. In this section we also present how the supersymmetry variations are
modified. These turn out to be relatively complicated and instead of trying to construct
these transformations directly by making an ansatz it is more convenient and straightfor-
ward to derive them from String Theory based on the results of [22]. The following analysis
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is restricted to the first order O(e). The action is given by

. . -

== / &t 1Ew " 4+ 5D X DX — %\IIF“DM\IJ - %\IID“XI 7 w2, I,
1 1  _

=—— / d%e P + 50,X 0" X" — %\I/wa#\p

+ 2_WF”A WX T XT - —G\TIP“EW,\F"M;UF”\I/ - é@a“XIFJwUEWFVW.
(4.25)
The first ingredient that we need is the gravitino supersymmetry variation in type I1B
supergravity:

[Vm + Hmon"pag

42|

e<I>

1
+5 (ann(iag) 3‘anr” L+ ManqrtF"pqrt(iag)> Fm} E(x)=0. (4.26)

Since the background metric is flat and only the five-form flux contributes to the first order
O(e), the gravitino equation reads

1
OmE () = (4 v Jr17=,,, 0T, @ (m)) E(x), (4.27)
which is solved by
1
E(x) = <1 + o g0 E,,,DHPe™ T, @ (i02)> &, (4.28)

where £ = (g, €p)? is a doublet of ten-dimensional constant Majorana-Weyl spinors both
preserved by the Melvin deformation. The fact that the supersymmetry is preserved by a
rigid D5 brane extended in {x*},—q, . 5 translates into

& = (‘EO) - ( 0 > (4.29)
€0 LCo12345€0

(OJ]JFIJ & ]1) =0 < w[JFIJG() =0, (430)

at the zero-th order of € and

at the first order O(e). As a result, only 8 free real parameters are left on the D5 brane
worldvolume as expected.

The pullback of the Killing spinor on the D5 brane is then

1
€(X) = |14 Zuwpl" P X1 | e, (4.31)
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where both €(X) and ey are 32-component spinors. This leads to the following transforma-
tion rules up to order O(e):

XTI =ie(X)r'w
1

= el w + NECE D&/ 5 x/rly,
§A, = ie(X)T, ¥

e L - K, JK xJ
= ZEFM\I/ + Iﬁ(-—' : F)F w' X F;L\Ij7 (432)

1
00 = ST Fe(X) + 119, X" e(X)

= %F'“VF/WE +T'T/'D, X e
1

T

1
T Fy (2 T) X w/ KT e EF“F’DMXI(E D)X W/ KK |

At the first order O(¢g), and with a choice of kK-symmetry gauge, the deformed supersym-
metry transformations are completely captured by what in the ten-dimensional point of
view is a non-constant supersymmetry parameter. We are, however, in a decoupling limit
without gravity and in six dimensions these are indeed rigid supersymmetry transforma-
tions but of higher order in the fields. One can check that these transformations leave the
action (4.25) invariant to first order in the deformation.

Non-Abelian generalisation. Let us examine the supersymmetry and action to first
order for the non-Abelian theory. We saw that in the Abelian case the supersymmetry
is corrected at first order due to the fact that the spacetime Killing spinor is no longer
constant. Rather we found the Killing spinor, pulled-back to the worldvolume, to be

1
(X)) =e+ 5 (E: N X7w/KrEe, (4.33)

plus higher order terms in both the deformation parameters and fermions. In the non-
Abelian case we must take into account the ordering of the fields and include possible
commutator terms.

We begin by introducing generators T of the Lie algebra such that

Te(T°T°) = 6%, (4.34)

which we use as a metric that allows us to raise and lower Lie-algebra indices at will. A
natural guess for the supersymmetry is that it corresponds to

oX!I =i, (x) Ty,

-
0A. = zle (X)L, . (4.35)
OWq = ST Funeo(X) + DT D, X o(X) - %r” (X1, X7 )peba (X)),
where 1
€"(X) = dfe+ (2 D)X w/EKTE g% e . (4.36)
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Here d*¢, is some invariant tensor. Expanding out these expressions we find

1

6X!I —jertw, + ZE(E DKW/ E x7d, 11y,
1
0Aua = el Vo + (2 - DTN WM X d T, 0,

X .
60, = T e + "D D, X e %I‘U[XI,XJ}&E

1 1
+ o e (- D)X ETE " e + Erﬂrf D, XHE -T)X]w/ KT b e
i

sl X X(E D)X W T d e

(4.37)
We have checked that these variations close on the bosons (to lowest order in the fermions)
so long as d®¢ = d°®. Thus we identify

1
d®¢ = Str(T°T*T¢) = §(Tr(TaTbTC) + Tr(T°T°T)) . (4.38)

However, in contrast to the previous case, the variations do not close on the R-symmetry.

Rather one finds
X! =vD, X! —iA, X7,

, (4.39)
[617 52]A,ua =V I'ypa + D,uAa s
where D), is the undeformed covariant derivative and
vt = Qi(EQF‘uEl),
2% (4.40)
A= 4%(@2(5 D)l X7 XK dbe 10

FExamining the closure on the fermions one finds that it includes terms involving v*
which are not translations v#D,¥ and cannot be made to vanish by imposing an equation
of motion. Presumably these can be cancelled by introducing O(¥?%¢) into §¥. Such terms
will not affect the closure of the bosons or the invariance of the action at lowest order in
the fermions and so we do not discuss them here.

To obtain the first order action we replace all the previous terms by the non-Abelian
version and use the symmetrised trace prescription for the higher order terms:

1 1 1
S=-=Tr / deZFwF“V +-D,X'Drx!
g 2
i 1. 1
_ %\I/F”D“\II + 5o [XI, xp} -4 [XI,XJ} [XI,XJ}
1 1 .
— S / d%e Zun W X DX f—ﬁ\l!F“EWAF”AwI T

(4.41)

. .
- é\I/D“XIFJwI SEu DM 4 SUE DG I X

Here we have included the last term which vanishes in the Abelian limit. We guessed its
existence from looking at the on-shell conditions that arise from the incomplete closure of
the fermions. We have verified that (4.41) is invariant under the supersymmetry up to first
order in the deformation (and lowest order in the fermions).
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4.2 The D3 brane

RR four-form background II. Another interesting case to study is the D3 brane.
Since we would like to understand a four-dimensional worldvolume theory related to the
D5 brane in the previous section, we start from (4.2), and then apply T-duality twice in
the 22 and z° directions, respectively. The resulting background is almost the same, except
that 22 and 2® appear interchanged:

Imndz™dz™ = A (naﬁdxadxﬁ + (d:l:2)2)

Sdxed b d 5\2
+ abCl T +( v ) + <A51J — UIUJ) d:CIde,
A A

da3 A dz* A da®
A2 ’

(4.42)

Cy=UN <—dx0 Adz' Adz? +

where «, 8 =0,1; a,b = 3,4. Again, Cy4 can be also written down as

1 dz® A dz? S
Cy = —Zwux‘]dxl A <Ea5,~dx°‘ Adz? + E g xA2x> N e jda’ (4.43)

where €95 = 1 for 4, j = 2,5 and E takes the same values as in (4.5),

— 1
—
—

= 5 (Baseda® A daf £ da? + Egsda® A da? A da)
1

=3 (—da:o Ada! Ada® £ da? Adad A dm4) . (4.44)
Supersymmetric D3 brane action. T-duality in z? and 2° simply dimensionally re-
duces the D5 brane of the previous section to a D3 brane extended in {z#},-01,34. Thus,
we can directly obtain the D3 brane action via a Kaluza-Klein (KK) reduction on {z'};—a 5
of the D5 action obtained in section 4.1. The action contains again a twisted covariant
derivative. This time, however, the connection in the covariant derivative includes two
transverse scalars and not the gauge field. Writing the Cs term

1 A 1 1
D3 — 7 / Cy = - / d*z <A25aﬁ5 IPX°0°XT + Eo aaxzabxf> wrg X7, (4.45)

we see that the two scalars X’ have to be included in the connections separately in the
sectors {2%}a=01 and {x%},=34:

1
' §ea585X5 ifuv=a,6=0,1
Ay =E,,0" X" = 1 , (4.46)
§eab8bX2 if y,v=a,b=3,4
which defines a twisted covariant derivative as before:
DX =0, X"+ A" X (4.47)

Thus, the bosonic action of the D3 brane in {x#},—0,1,34 takes the form

1 1 1 , 1
Sh3 — 7 / d*z ixﬁ—gg’“/g[JDMXIDVXJ + 577%9”)(16”)(3 + 1\/—gg“pg”UFm,Fpa,
(4.48)
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where g, is the same metric as in (4.10). Note that the coupling of the gauge field is
different from what we had found for the six-dimensional system. It does not appear
anymore in the covariant derivative, but is a standard Maxwell term in curved space with
metric g;,,.

Let us move on to the fermionic action. As in the D5 brane, the calculation shows that
the deformation turns on the covariant derivative for the fermions as well as a Yukawa-like
term in the Dirac action. Using a 32-component Majorana Weyl spinor ¥, we find up
to O(e)

B3 — 2%]2 d*z U [F“Du + iaw,pr”ﬂwl JOMXITT | W+ 02, (4.49)

where the covariant derivative on fermions is
1 1J
'DM\I/ = 8M\I' + A,qwul“ v, (450)

One cannot see any interaction between the fermion and U(1) gauge field at the level of
linear order O(e) and suppressing higher derivatives.

Spacetime- and R-symmetries. Let us focus on the symmetries that the world vol-
ume action inherits from the ten-dimensional background. The presence of the D3 brane
in a flat background usually breaks the ten-dimensional Poincaré symmetry into two sec-
tors: SO(1,9) — SO(1,3) x SO(6), where the latter corresponds to the R-symmetry for
the six transverse scalars. However, turning on the five-form flux triggers the covariant
derivative (4.47) as well as the curved metric g,,. As a result, the SO(1, 3) worldvolume
symmetry in the action (4.48) explicitly splits into SO(1, 1) x SO(2). This is expected to be
ascribed to the presence of surface defects, living on {x®},—01 and {2 },=3.4, respectively.

It makes sense to carry out the analysis by dimensionally reducing the 4d theory on a
torus generated by {x%},=34. The resulting theory will be d = 2, N' = (4,4), as there are
8 Killing spinors preserved on the D3 world volume as shown later.

As for the global symmetry for scalars, recall that two scalars X° enter the connection
A, in (4.46) and they decouple from the sextuplet for the original SO(6) R-symmetry
group. Thus, the R-symmetry acts only on the four transverse scalars X’. Using the same
argument as in the D5 brane case, we see that the R-symmetry SO(6) is broken to SU(2)
by turning on the five-form flux. A manifestly SU(2)-invariant action can be written by
introducing a complex doublet Z given in (4.14).

Finally, it may be interesting to see the effect of S-duality. Recall that no dilaton or
Kalb-Ramond field is turned on in the flux background (4.42). Therefore, both the D3 brane
and the background configuration map to themselves, which means that the gauge theory
in presence of the defects remains invariant like in the undeformed A = 4 theory.

Equations of motion. The D3 brane action possesses a reduced Lorentz symmetry
SO(1,1) on the {z*}-plane. This motivates us to use light-cone coordinates (z*,z~) for
the {x“}-plane

et =20+ 2! (4.51)
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and complex coordinates (o,d) for the {x®}-plane
o =a®+izt, o =a —izt. (4.52)

Using these coordinates, we vary the action (4.48) with respect to ZT (4.14), and find

2
(D, D7+ ic ({D+, ‘Z;} + {D_, i;}) zZ- Q%Jm_z

— (Do (A*DZ) + D5 (A*DyZ)) —ic ({Dy, T5} + {Ds, T»}) Z

£2 ((DUZ)T(DUZ) + (DsZ)(Ds Z)) 7 (4.53)

2

€ — 1 oo
+3 <F+_F+ — EFU(;F > Z=0,

where {-,-} is a conventional anti-commutator and J is as in (4.16). For the other real
scalars X? and X°, we obtain

(010- — 0,05) X% 4+ i (05 T5 — 05T5) =0 (4.54)

(00— — 8505)X° +1i (m (‘ZQ> —a_ (‘ZQ)) ~0. (4.55)

For the gauge fields, the EOM are

and

O(A?FFY + 9, FP =0,

) (4.56)
8 <A2qu> + O F E =0,
where k,l = +, — and p,q = 0,5. The derivatives 04 are associated to z*, respectively.
Let us consider a 141 dimensional sector inside the four-dimensional worldvolume.
Suppose that all the fields are dependent only on z*. Then, for example, (4.53) is reduced
to a very compact form:

T+

2
N } Z + %F+_F+_ ~0. (4.57)

{D+ —1—25‘22,@ +ie——

In addition, we can express the other equations of motion compactly via differential forms.
The equation for X? is the equation for a free field, as X2 does not enter the covariant
derivative due to the restriction to two dimensions:

dxydX?2=0, (4.58)

which can be seen as the equation for a conserved current dX?2. On the other hand, the
equation for X?° takes the form

d xo (dX5 — *QZQJ) =d <*2dX5 — ZJ) =0. (4.59)
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We thus find locally a free scalar ¢ satisfying
2
dop = %od X° — 27 (4.60)
Using the connection A, in (4.46), one finds

2
0ot = —2Aa + 35T, (4.61)

In analogy to our result in (4.24). Alternatively, (4.59) can be interpreted as a conservation
law for the current K:

K=dXx® - *Qéj = 2% <A + A12j> . (4.62)
Finally, the equation for the gauge fields labeled by o, & becomes free:
dxdA? =0, p=o,0 (4.63)
which implies that 9_0, AP = 0. The other gauge field A* is subject to the deformation:
dxs (A’F) =0, (4.64)

where the field strength is restricted with the only non-vanishing components being F, _ =
0+ A_ — 0_A,. Due to the dimensionality, we obtain

A? 49 F = ¢y = const. (4.65)
Consequently, for the gauge field A*, we have
xo dA = coA™2. (4.66)

Supersymmetry. The discussion of the supersymmetry goes along the same lines as for
the D5 brane. It follows from the gravitino equation that 16 Killing spinors, preserved on
a classical D3 brane, are reduced by half on the D3 brane in the flux background (4.42).
The supersymmetry transformations take almost the same form except for two scalars
X7, j=25. We obtain up to the first order O(e)

6X7 = g X)) IV

XTI =ie(X)r'w

§A, = ie(X)T, ¥ (4.67)
o = (F“jaqu +I9, x1 + ;FWF“”> e(X),

where the non-constant 32-component Killing spinor €(z) is expressed as

1 )
e(X) = (1 + g Zun " 9. ¢ ) . (4.68)

In solving the gravitino equation, we obtain a first-order constraint on the constant spinor €
wryMe=0, (4.69)

which implies 8 independent spinors as expected.

— 24 —



D4 D3 D2 D1

oo ——> 000

e ™~

0000

/\ e

0 —> 000

N N

L _NONG)

I e

OO0 —> 00e

Figure 1. Duality web of the theory on the D5 brane. A filled dot indicates a T- duality in one

of the directions 22, 2%, z*, an empty dot indicates a T-duality in the direction z°, 2!, 2% (although

we don’t consider T-duality along x°) The order of the dots is irrelevant because T-duality is
commutative.

Non-Abelian generalisation. Finally, we make a short remark on a stack of D3 branes
based on the non-Abelian D5 brane action (4.41). Applying the dimensional reduction to
both 22 and x° directions, we can naturally derive the non-Abelian D3 brane action:

1 1 1 . |
§=-tr / ' Fu F" + 5D, X7 D'XY + oD, X DX
1 ) . 1 ) ) 1
- i[XjaXI][XjaXI] - Z[XJ7XI€][X]7X]€] - Z[XI7XJ][X17XJ]
1 - 1- . . 1_
— S / d%%\I/F“Du\I/ + X, W) 4 Jur (X

| (4.70)
+ Z DY X X[ XT XT] - f*G‘i’Fj P w00

— 2UTHE,,,,; DY X w T W — %\I’DjXII‘JwUEjWI‘W\II

- ' 3
— i\I’D#XIPJWIJEMVjPVJ\II + 5

o | =

UE,,, T wr [ X1, X,

where the reduced directions are labeled by 4,5 = 2,5 again. The corresponding Killing
spinor is obtained by reducing (4.36) in the same way:

€ (X) = 0% + SHWJFWXJ w/KTE gacye (4.71)

4.3 The duality cascade

So far we have studied D5 branes and D3 branes in flux backgrounds leading to novel
deformations in terms of a twisted covariant derivative. In particular the deformations
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directions A plane
*3F  da® Adxt Adad
D5 0,1,2,3,4,5
*3F dx? Adad Adz?
*3F  da® Adat A dab
° 0,1,3,4,5
*od X2 dz3 A dz*
D4
*od X® dz® A dzt
o 0,1,2,3.4 ‘
*3F  da? Adzd A da?
*3F  da® Adz! Adad
o0 0,1,3,5
— da3
*od X dz0 A dat
D3 eo 0,1,3,4
*od X2 dz® A dz?
— dz®
oo 0,2,3,4 )
*3F  dz? Adzd A da?
XY 0,1,5 x3F  daz® Adat Ada®
*od X dz0 A dat
D2 eeo 0,1,3
— dz3
— dzf
coe 0,3,4
*od X P dz? A dz?
0000 0,1 *pdX? dz® A dz!
D1
©000 0,3 — da® A da®

Table 3. Duality web of brane deformations starting from the D5 brane setup. We give the type
of T-duality as in figure 1 in the second column, the form of the deformation connection A in the
third column along with the plane in which that A acts in the fourth column (note that we have
dropped any signs for clarity).

take two forms: one involving the gauge field strength and one the derivative of the scalars

1
D5: A ziawF”A,

D3: A, =E,.D"X"

(4.72)

More conceptually we can think of these as follows. In the D5 brane deformation splits the
worldvolume into two planes: z2,z2,2* and 20, 2!, 2% In each of these planes A ~ x3F
where x5 is the associated 3-dimensional Hodge dual. Upon reduction to the D3 brane
we find two 2-dimensional planes and A ~ x9dX where xo refers to the appropriate 2-

dimensional Hodge dual and X is either X2 or X°. So roughly speaking we can think of
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as (4.72) as
D5: A~ *3F,

D3 : A~ xdX".
The D3 brane case is obtained from the D5 branes by T-duality which on the world-
volume is simply dimensional reduction. However there are many other examples that

(4.73)

are related by T-duality. In order to preserve supersymmetry we require wgy = fwgg to
be non-vanishing and hence we can only perform T-dualities along x!,..., 2% (we do not
consider a time-like T-duality). Rather than detail each case we simply wish to list the
possibilities. The exact form of the action can be obtained by dimensional reductions of
the D5 brane action we constructed above. In each of the cases typically both types of
covariant derivative appear but in different subplanes of the worldvolume.

In figure 1 we list the duality cascade that arises depending on which directions are
T-dualized. In particular the original D5 brane deformation splits the worldvolume into
two planes: 22,23, z* and z°, 2!, 2%. A filled dot denotes a T-duality in the first plane and
an empty dot a T-duality in the second plane. The structure of the worldvolume theory
deformation of the inequivalent configurations we can reach starting from the D5 brane are
collected in table 3.

5 Conclusions

In this paper we have constructed and studied various supersymmetric deformations of
non-Abelian gauge theories derived from String Theory by putting Dp branes into flux
backgrounds. In the first case the deformation takes the form of a Wilson line for a
connection that twists the R-symmetry with the gauge algebra. It can be easily constructed
for any gauge theory as an exact deformation. We explicitly presented it for Yang-Mills
gauge theories as well as the Chern-Simons-matter theories on M2 branes, including a
maximally supersymmetric case that preserves all the supersymmetries of the ABJM model.

We also constructed a higher-dimensional and higher order-analogue, first for D5 branes
but then reduced it to D3 branes and other Dp branes. This deformation also twists the
R-symmetry into the gauge symmetry but with a non-trivial connection. It induces higher-
derivative corrections to the gauge theory while preserving half of the supersymmetry. In
these cases we have only been able to construct the non-Abelian theory and supersymmetry
to first order in the deformation. It would be interesting to extend our analysis to the next
order. In particular it would be important to see whether or not the twisted covariant
derivative structure persists.

The first examples have a clear interpretation as the insertion of a Wilson-line defect
into the gauge theory. For the higher-order deformations the Lorentz symmetry of the
underlying gauge theory is broken from SO(1,p) to SO(1, (p — 1)/2) x SO((p — 1)/2) and
one would be tempted to associate the deformation to an extended (p — 1)/2-dimensional
defect or possibly two intersecting defects. Other 2-dimensional gauge theory defects have
appeared in [23—-25]. However, our deformations preserve different global symmetries and,
like the Omega-deformation, are higher order in the fields. As such they cannot easily be
identified with these other examples discussed in the literature.
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It would also be interesting to see if one could relate these higher-order deformations
to defects associated to the two-group symmetries that have appeared recently in [26, 27].
It is also intriguing to note that a similar kind of twisted covariant derivative, where the
connection is given in terms of a field strength, has also appeared recently in the work [28]
in relation to non-local descriptions of the M5 brane. Again it would be interesting to see
if there is a deeper relation, with our deformation arising in the local limit.
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A Duality web of the string backgrounds

In this appendix we explain how the RR four-form backgrounds (4.2) and (4.42) can be
constructed by starting from a very simple set-up: a flat background with Melvin identi-
fications, where no dilaton or Kalb-Ramond two-form B is turned on. The various steps
are listed in table 4.

The starting point is a locally-flat space with “Melvin identifications”. This is a non-
trivial fibration over a circle v (the Melvin direction) of the type

~ 2T Ry,
{u U+ 27 (A1)

0p =204 +c4R, for A=1,2,3,4,

where R, is the radius of the direction w, 64 is the angle in the plane spanned by z24

and x24+1

and the €4 are real parameters. Decoupling the circles and T-dualizing in u we
obtain the flurtrap background [2, 4] where the non-trivial fibration is traded for a curved
spacetime, a B-field and a dilaton. For simplicity we consider only two non-vanishing e

parameters and we identify u with 23 to find:

dz3)? UrU
gmndz™dz™ = —(dz®)? 4 (dz')? + (dz*)? + (dz®)? + ( Zz) + <5IJ - i;) datdz?,
dxz?
BQ - U VAN F 5
e? = AL,
(A.2)
where I,J = 6,7,8,9, U = Jwryzldz’/, and A = /14 U;U.
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background  probebranes 0 1 2 3 4 5 6 7 8 9 10
€ Fe

locally flat 11B D3 X X X X [ ]

(A.2) D4 X X X X X |

(A.3) D4 x x x x N X

(A4), (4.2) D5 x x x x B x X

(A.5), (4.42) D3 X X x W X

Table 4. Probe branes and their backgrounds. A black square B means that the direction is not
part of the ten-dimensional geometric description.

The backgrounds that we use in this work are “S-dual” to this one (that we think of
as a type 1A configuration). More precisely we need to perform a 9-11 flip: we lift (A.2)

4

by adding z'° and then reduce on z*. The result is a type IIA background with a RR

three-form potential [7]:

(dz?)? 4 (dz'?)?
A

There are two inequivalent ways to dualise to type 11B. First, we can apply a T-duality
in 22 to obtain the background (4.2) in which the D5 brane of section 4.1 lives:

(d:c2)2 + (dx3)2 + (d$10)2
A

+ <A5U - UIAU J) dz'da” (A.4)

gmndz™dz™ = A (—(dz®)? + (dz')? + (dz®)?) +

dz? A dad A dz'0
C’4:U/\<—dgc0/\da:1/\d:z:5+ — >
Alternatively, a T-duality in 2° in (A.3) leads us to the other RR four-form back-

ground (4.42) used for the D3 brane in section 4.2:
dz3)? + (dzl?)? + (dz®)?
A

+ <A51J — UIAUJ> da:ldx‘], (A'5)

gmndx™dz™ = A (—(dx0)2 + (dz')? + (da:5)2) + (

dz? A dztO A dz?
04:U/\<d:c0/\d:c1/\dx2+ * m x)

AQ

Note that the oxidised coordinate x!0 is renamed to z* in section 4.
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B Notation

I

)

We use the convention that spacetime coordinates have lower-case symbols e.g. x
24 whereas the corresponding scalar fields on the D brane have upper-case symbols
e.g. X1, 74,

Throughout the paper we have specified the range of the indices in each of the different
sections, but the general rule for the notation of the coordinate indices is:

m,n,p the ten-dimensional bulk

1,J, K transverse directions to a brane with wr,;, # 0
w,v,p  worldvolume coordinates of a brane

a,B,7 a subspacetime on a brane

a,b,c  the orthogonal subspace on a brane.

For the D3 brane we introduce another set of indices:
1,7,k =2,5 transverse directions to the brane with w;,, = 0.

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.
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