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ABSTRACT: In this article we extend the construction of giant gravitons from holomorphic
surfaces [1] to the ABJM correspondence. We construct a new class of %—BPS Mb5-branes
wrapping 5-manifolds in S7/Z; and supported by a large angular momentum in the orb-
ifold space. These orbifold giant gravitons undergo a supersymmetry enhancement to
%—BPS and %—BPS configurations in special cases. The compactification of M-theory on
AdSy x S7 /7y, to type ITA superstring theory on AdSy x CP3 then gives rise to another new
class of %—BPS D4 and NS5-branes wrapping 4 and 5-manifolds in CP3. The D4-branes
carry a combination of DO-brane charge and angular momentum in the complex projective
space, while the NS5-branes are supported only by DO-brane charge. Finally, we present
a detailed analysis of a one-parameter family of %—BPS Mb5-brane orbifold giant gravitons,
and their D4 and NS5-brane CP? descendants.
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1 Introduction

The AdS/CFT correspondence [2] provides a nonperturbative definition of string theory
(and M-theory) on various anti-de Sitter spacetimes in terms of conformal field theories on
flat Mz spacetimes, which can, in turn, be reformulated by means of the operator-state
correspondence on the R x S; boundary of AdS;ye. Through the AdS/CFT correspon-
dence, the geometry and topology of the bulk spacetime physics must be encoded in the



dual field theory. The idea that the macroscopic properties of spacetime are emergent and
not fundamental is neither new nor exclusively string theoretic. Gauge/string theory duali-
ties do, however, provide an excellent laboratory in which to test these ideas. In particular,
through studies of the many brane configurations in string theory and their dual field the-
oretic descriptions, tremendous progress has been made in understanding the encoding of

e the shape and local position of D-branes in spacetime [3-7];
e the supergravity geometries of multiple backreacting D-branes [8-13];

e open strings attached to D-branes, Gauss’ law for open string end-points and non-
planar integrability in the open string sector [14—19]

in the gauge theory. But there is much which still remains to be understood. Towards this
end, as in any laboratory, it is important to have a good sample of specimens to work with.
In this article, we build a catalogue of giant gravitons in the ABJM correspondence [20]:
a family of M-branes embedded into AdSy x S”/Z;, and their NS5/ D-cendents under the
compactification to type ITA superstring theory on AdS; x CP3.

Indeed, a natural place to begin studying the emergence of geometry within the frame-
work of the AdS/CFT correspondence is to consider supersymmetric, geometrically non-
trivial membranes embedded into supergravity backgrounds with gauge theory duals. A
class of supersymmetric D3-branes in type IIB superstring theory on AdSs x S°, known as
giant gravitons in view of their interpretation as large momentum graviton excitations, has
proven particularly useful in this context. The simple example of a %—BPS giant graviton
wrapping an S% embedded into S% C C? was originally studied in [21, 22] through a Dirac-
Born-Infeld (DBI) analysis and later reconstructed! in [1] from holomorphic surfaces in C3,
as part of a larger class of D3-brane solutions which includes also i—BPS and %—BPS giant
gravitons.? (Restricted) Schur polynomial operators [4, 14, 15], built from the three com-
plex Higgs fields in the N' = 4 SYM supermultiplet, form a complete and orthogonal basis
of operators dual to (excited) collections of these %—BPS giant gravitons in AdSs x S°. The
operators dual to Mikhailov’s %—BPS and %—BPS giant gravitons embedded into S° are not
as yet known, although progress has been made in [25] towards the construction of é—BPS
operators in N’ = 4 SYM theory at weak coupling. However, the geometric quantization
of the moduli space of %—BPS giant gravitons can be very well described by approximating
the holomorphic function by a holomorphic polynomial in C* whose coefficients are the
moduli [26, 27]. The Hilbert space obtained in this way gives rise to precisely the partition
function over the classical chiral ring of %—BPS states in NV =4 SYM theory.

For these statements about the emergence of geometry in the AdS/CFT correspon-
dence to be taken seriously, though, it is important that they not just be statements about
AdS;/CFT, dualities. More examples are needed, but, fortunately, with the discovery

'The holomorphic curve construction of [1] extends to a broader class of solutions which include, for
example, giant gravitons in the conifold, T%!. It has also been used to construct ‘wobbling’ dual giant
gravitons in AdSs C C*' [23].

2Also of interest is the demonstration of [24] that electromagnetic waves can be introduced on the
worldvolumes of these giant gravitons in such a way as to preserve their supersymmetry.



of various AdS,/CFTjs dualities, more are at hand. The construction of supersymmetric
membranes and giant gravitons in the ABJM correspondence [20] has, however, proven con-
siderably more problematic. The ABJM duality links M-theory on AdSy x S”/Zy, or type
ITA superstring theory on AdSy x CP? with (two copies of) an A’ = 6 Super-Chern-Simons-
matter theory in 241 dimensions, with a U(N)x U(N) gauge group and level numbers k and
—k, respectively. This theory has a well-defined ’t Hooft coupling A = %, and k < N1/5
and k > N1/5 are the M-theory and IIA string theory regimes. The relation between
this M-theory and type ITA superstring theory is well-known [28, 29]: the 11D SUGRA
geometry AdSy x S7/Z; is obtained from AdS; x S by an orbifold identification on the
fibre of the Hopf fibration S7 <= CP3. The compactification of M-theory on AdSy x S7 /Ly,
along the Hopf circle to type IIA superstring theory on AdS; x CP? can then be imple-
mented as a large k limit of the orbifolding. Particular examples of 2-branes, 4-branes and
5-branes embedded into AdS; x S7/Z;, and AdS; x CP? were constructed in [30-36]. A
D2-brane giant graviton wrapping an S? embedded into AdSs was constructed in [30] and
studied in more detail in [31], while various 4-branes and 5-branes (including maximal giant
gravitons in S7/Z;, and CP3) with angular momentum and/or DO-brane charge, were con-
structed in [33]. However, even a simple example of a CP? giant graviton, being a D4-brane
wrapping a 4-manifold of variable size in CP? and supported by its angular momentum in
this complex projective space, proved surprisingly difficult to construct. Nevertheless, one
such solution was eventually found and studied in some detail in [34] (and later also in [35]
in which an independent parameterization of the giant’s worldvolume facilitated the com-
putation of various holographic three-point functions). The shape of this object varies with
its size and its fluctuation spectrum was shown to exhibit a novel dependence on the size
parameter. This CP? giant graviton factorizes at maximum size into two D4-branes wrap-
ping non-contractible CP? ¢ CP? cycles, which are dual to dibaryon operators in the ABJM
model [37, 38]. Further discussions of the dual ABJM operators can be found in [39-44].
Beyond these particular examples, however, the general holomorphic surface construc-
tion of giant gravitons in S7/Z; and CP? was, until now, unknown for arbitrary k € Z*.
For k£ = 1, a class of %-BPS M5-brane giant gravitons embedded into S7 C C* was con-
structed in [1] from holomorphic surfaces in the complex manifold C*. These solutions were
shown to exhibit a supersymmetry enhancement to %—BPS and %-BPS configurations in
special cases. Here we study these sphere giant gravitons® under the orbifold identification.
In particular, we construct an entirely new class of %—BPS Mb5-branes embedded into the
orbifold compact space S7/Z;. We demonstrate that these orbifold giant gravitons also
enjoy a supersymmetry enhancement to %—BPS and %—BPS configurations in special cases
upon which we shall elaborate. A compactification then results in a further new class of
%—BPS D4 or NS5-branes embedded into the complex projective space, which we shall call
CP? descendants. The angular momentum along the eleventh fibre direction in the orbifold
space gives rise to DO-brane charge. The D4-branes carry some combination of angular
momentum in the complex projective space and DO-brane charge, while the NS5-branes are

3Note that sphere giant gravitons are so-called because they are embedded into the S7 compact space
rather than in reference to their shape - they are non-spherical objects and some may even be topologically
non-trivial.



supported by D0-brane charge only, thus being simply dielectric branes [45]. A subclass
of D4-brane CP? descendants supported entirely by angular momentum in the complex
projective space, genuine CP? giant gravitons, is obtained in the special case in which the
holomorphic surface constraint is independent of the eleventh fibre direction. Now, for the
most part, the dual operators in the ABJM model are still unknown, except in the case
of these CP? giant gravitons and at zero coupling [41, 42]. The construction of a more
general class of operators dual to orbifold giant gravitons and their CP? descendants with
DO-brane charge must necessarily involve the inclusion of monopole charge, as discussed
for %—BPS operators in [39, 40], and remains an important open problem.

The organization of this article is as follows: section 2 opens with a brief review of
the construction of %—BPS Mb5-brane sphere giant gravitons following [1]. In the inter-
ests of brevity, we omit technical details of the holomorphic curve construction as well as
the associated supersymmetry analysis, included rather in appendix B. We then use this
construction to discover a new class of %—BPS Mb5-brane orbifold giant gravitons in sec-
tion 3, and discuss the NS5 and D4-branes to which they descend after a compactification
to type IIA string theory on AdS; x CP3. A brief discussion of the relevant supergrav-
ity backgrounds can be found in appendix A. We then study the particular example of a
one-parameter family of %—BPS orbifold giants in section 4. The CP? descendants of these
giant gravitons, either D4 or NS5-branes (depending on the parameter), are constructed in
section 5. The %—BPS NS5-brane solution is identical to the dielectric 5-brane configura-
tion of [33] up to a change of worldvolume coordinates. Both the D4 and the NS5-branes
pick up an additional coupling to a worldvolume field strength, F (1) constructed from the
RR 1-form potential and therefore associated with DO-branes ‘ending’ on the D4 or NS5-
brane worldvolume. This happens because the holomorphic function of the orbifold giant
graviton ancestor depends on the eleventh fibre direction. In order to correctly describe
the D4 and NS5-brane CP? descendants we derive a new action with isometric transverse
and worldvolume directions, respectively. This action arises from the M5-brane through
a more general reduction ansatz in which the embedding coordinates may depend on the
MS5-brane worldvolume direction on which the reduction takes place. Appendix C contains
the details of this construction. We present concluding remarks in section 6.

2 Sphere giant gravitons

2.1 Sphere giant gravitons from holomorphic surfaces

It is well-known that a large class of Mb5-branes, known as sphere giant gravitons, can
be embedded into the maximally supersymmetric 11D SUGRA background AdS; x S7.
The worldvolume R x ¥(t) was built in [1] from a 5-manifold Y(¢) = C(t) N S”, being the
intersection of a holomorphic surface C(¢) in C* with S”. Here the stationary holomorphic
surface C is defined by f(w1,ws,ws,ws) = 0 and is brought into motion,

C: f(wla w2, w3, 'UJ4) =0 — C(t) : f(wl e_%étan e_%éta w3 e_%étawll e_%ét) = 0’ (21)

by boosting the complex coordinates w, along a preferred direction el (simply the overall
phase of the w,) with £ = +1 related to the angular velocity. The direction of motion



e? of the giant graviton is then the component of the preferred direction el orthogonal to
TY. This preferred direction ell = Iet in TS7 is induced by the complex structure of C*
acting on the unit vector e+ in TC* which is orthogonal to T'S”. The complex structure
I is, in turn, fixed by our initial choice of coordinates w, = p, €% for the complex man-
ifold C*, which breaks the SO(8) symmetry of S” C C* down to SU(4). These M5-brane
giant gravitons have rigid, rotating geometries which depend on the parameters in the
holomorphic function. This holomorphic surface construction is described in more detail
in appendix B.1.

This class of M5-brane sphere giant gravitons was shown in [1] to be %—BPS (in special
cases there is a supersymmetry enhancement to %—BPS and %—BPS configurations) with
finite energy H = P satisfying the usual BPS bound. The supersymmetry analysis relies
upon an embedding of AdS,; x S” into the flat spacetime R?>*3 x C* and the projection of
a 32-component Majorana spinor ¥ out of a 64-component complex spinor W. A review
is provided in appendix B.2. The Killing-Spinor Equations (KSEs) in the flat spacetime
R2*3 x C* are simply D, ¥, = 0 and the covariantly constant spinor solutions take the form

Uy = Mpors ME U = MY U9 (2.2)

with Mp2+s shown in (B.17) and the C* dependence given by
W= o2V 3V s WL ema Ve W, (2.3)
Here the flat v’ matrices are associated with the real coordinates (pg, %), being the radii
and phases of the complex coordinates w, = p, e¥s. We also make use of flat vg,..., 74

matrices corresponding to the R**3 coordinates (¢, 7,6, ¢, R) with 4 = v9717273 as in ap-
pendix B.2. The 64-component complex constant spinor \119r satisfies the conditions

707 W = —ig WY (798) (W 10) (9 i) (8 i) B2 = W (2.4)

and hence encodes 32 real degrees of freedom. We can partially label the spinors ‘IJS)F by
the eigenvalues s’ = %1 of the three Dirac bilinears v5"vg’, v§'7io and ~v#~1:

WAy UL =it UL gy UG =iy U Al WO = isy 0, (2.5)
from which it automatically follows that
Wy WG =i (sY sy sy) WY, (2.6)

where each of the 8 partial labels (s, sy, s¥) = (&, &, £)" encodes 4 real degrees of free-
dom. The w superscripts make explicit our choice of coordinates w,, and hence our choice
of complex structure for C* and preferred direction ell in S7.

The solution of the R**3 x C* background KSEs becomes

U, = e 31107 o=V 32Ny o3 YW o3 Ve TS \I;QN (2.7)
when pulled-back to RxC(t). The kappa symmetry conditions on the pull-back of the spinor

U to the worldvolume R x 3(¢) of the M5-brane giant graviton, associated with the holomor-
phic surface C defined by f(w1,ws, w3, ws) = 0, are satisfied if we impose the conditions:

I'p, ¥4 =0, forall w, such that (9, f) # 0, (2.8)



on the pullback of ¥ to R x C(t), the lift of the worldvolume to R?>™3 x C%. These are
additional constraints on (2.7), which can be rephrased as

LWy =0 = W 95 =i if (9uf)#0 (2.9)
T ¥ =0 <= A0 =000 if (Gupf)#0 (2.10)
T, Up =0 <= A 0% =000 if (Ouyf) #0 (2.11)
Fp, V=0 <= A 0% =iVl if (0w, f) #0, (2.12)

corresponding to selecting the s’ = +1 eigenvalues. For convenience we shall denote sj =
sy sy the eigenvalue of v§'~1% (which is not one of our labels). If the first three conditions
are satisfied, the last condition is also automatically satisfied from the second of (2.4).

The classification of these sphere giant gravitons as %—BPS, %—BPS or %-BPS M5-branes
therefore simply involves whether our holomorphic surface C can be written in terms of a
function of one, two, three or four complex coordinates w,. In each of these cases, the labels
(sY, sy, s4) associated with spinor solutions satisfying the kappa symmetry conditions are
shown below:

): (++4)” 16 of 32 spinors = 3-BPS
) ( ) 8 of 32 spinors =— i—BPS
flwy,we,w3): (+4++)¥ 4 of 32 spinors — %_BPS

+ -+ +)¥ 4 of 32 spinors %—BPS

These holomorphic surfaces C have an evident U(4) symmetry associated with transforma-
tions w, — Uy, wp preserving both the C* metric and the fixed complex structure. The
Mb5-brane sphere giant gravitons thus have an evident SU(4) symmetry after the intersec-
tion with S”7. However, we might initially have chosen any set of complex coordinates w,
and complex structure I for C*, and so any preferred direction el in S7. The full symmetry
group is still SO(8), although it is not immediately apparent from this construction.

2.2 Sphere giant gravitons as the zeros of holomorphic polynomials

It is possible to approximate any holomorphic function f(wi,ws, ws,wy) to arbitrary ac-
curacy by a holomorphic polynomial of degree n, if n can be made arbitrarily large. An
%—BPS sphere giant graviton, when boosted into motion, can hence be approximated by
the intersection of S7 with solutions of

n ) .
Z Z Crymymana e—%(n1+n2+n3+n4)§t (wl)n1 (wz)nz (UJ3)”3 (w4)n4 —0. (2‘13)
=1

”ll 7”12 7”3 ,Tl4
n1+ng+ng+ng=4~

The coefficients ¢, nyngn, are only defined up to an overall complex rescaling and are there-
fore elements of a complex projective space CP™¢ with ne the number of possible 4-tuples
(n1,ne,n3,ng) with ny + na + ng + ng < n, being the number of terms in the polynomial.
Note that polynomials with the same intersection with S7 result in the same MS5-brane
giant graviton, which leads to an identification of polynomials which differ by factors with
trivial intersections with S7. Similar observations in AdSs x S° allowed [26, 27] to give a
detailed description of the geometric quantization of the phase space of a class of %—BPS
D3-brane sphere giant gravitons embedded into this type IIB 10D SUGRA background.



3 Orbifold giant gravitons

3.1 Orbifold giant gravitons from holomorphic surfaces

Let us consider the 11D SUGRA background AdS, x S7/Z;, described in appendix A. Here
S7 has been written as a Hopf fibration over CP?, with S7 /Zy, the result of an orbifold identi-
fication on the Hopf fibre. In the construction of giant gravitons from holomorphic surfaces,
it is clear that the orientation of the Hopf fibre direction with respect to the preferred direc-
tion now becomes important. We keep w, = p, €™ as the complex coordinates of C* asso-
ciated with our giant graviton construction. But we shall now define the new complex co-
ordinates z, = r, e’Xe for the orbifold identification, with the Hopf fibre 7 the overall phase
of the z,. In this section we show that the choice (21, 29, Z3, 24) = (w1, w2, w3, wy) of com-
plex coordinates (defined up to U(4) symmetry transformations) results in a new class of
%—BPS M5-branes under the orbifold identification, which we shall call orbifold giant gravi-
tons, with no configuration losing all its supersymmetry. Indeed, there is a supersymmetry
enhancement to %—BPS and %-BPS configurations for certain simple holomorphic surfaces.

The holomorphic surface f(wy,ws,ws,wy) = 0 in C* becomes f(z1, 22, %3,24) = 0
under this coordinate change and is boosted into motion, as before, by taking

C: f(z1,20,23,24) =0 — C(t): f(=1 e_%ét,zg e_%ét,ig e_%ét,a e_%ét) =0, (3.1)

with 5 = #£1. The orbifold identification z, ~ z, e or, equivalently, 7 ~ 7+ 2% results in
the time-dependent surface C(t)/Zy. Here 7 = I is the orbifold fibre which has the usual
27 periodicity. Notice that this new surface in C*/Z; may end up wrapped k times on
the orbifold fibre 7, as well as possibly moving along it. The worldvolume R x ¥(t) of an
M5-brane giant graviton embedded into AdS; x S7/7Z;, is built as the intersection Y(t) =
C(t)/Zy N S” /74, of the moving surface C(t)/Z;, in C*/Z;, with the orbifold space S”/Z,.
Let us now reconsider our previous analysis of the kappa symmetry conditions on the
covariantly constant spinor solution W of the KSEs in flat R?*3 x C* spacetime and de-
termine which spinors are projected out under the orbifold identification to R%+3 x C* /L.
Here
Uy = Mpars Mg U = M* 0, (3.2)
with Mp2+3 again given by (B.17) and
2, = e 3 X1EY e—3X2760H0 em 3 X3V 3 XAV 2 3.3
= 2T B HEY0 I HER) (=391 @3 X (VTR 39292, (3.4)

We make use of the real coordinates (74, x4), the radii and phases of the z, = 7, €Xa com-
plex coordinates, and then change to the new angular coordinates (7, x, @1, p2) discussed
in appendix A. We can again partially label the constant spinors \113 by the eigenvalues s?
of the Dirac bilinears v2+§, 7§7io and v37i;:

W W =ist WL i W =iss 0 A UG =isi UG, (35)
from which it automatically follows that

Vi W = (55 55 53) 0. (3.6)



Recall that each of these partial labels is associated with 4 spinor degrees of freedom. Now
let us make the orbifold identification 7 ~ 7 + 2?” on the phases of the z,. The spinor

solutions W, contain the explicit dependence

_1 22 2% Z A2 22 _17 ZAaZ 22 22 ZAZ
MZ ~ 73T (BB 6707 TE2) = o2 % (58T H0 I HET) (3.7)

on the fibre direction and therefore do not satisfy the usual periodic boundary conditions
(up to a sign) when sj+s5+s5+s7 s5 s5 # 0. Thus, as argued in [30], the spinors associated
with the labels (+++)* and (— — —)* do not survive the orbifolding. By retaining only the
other 6 of 8 partial labels, we ensure the Killing spinors are well-defined on AdSy x C*/Zy,.
These spinors ¥, can be projected onto solutions ¥ of the AdSy x S7/Z;, KSEs using the
projection described in appendix B.2. It thus follows that the 11D SUGRA background
AdSy x S7/7;, retains 24 of the original 32 supersymmetries.

The pullback of these 24 covariantly constant spinors W to R x C(t)/Zy, is

1 2 1 1 1 1
U, = e 307 gTIXIENE o3 X260 T2 X3VIVIL o2 X4 V8 T2 \Ij(}r (3.8

_1 5 1 Z a2 1 ZAZ Z a2 1 ZaZ
— ¢ 307 391760 2 X (718 YTR) o3 P28 \I/(JJﬂ (3.9)

with the x, phases (or the x and ¢; phases) constrained to C(t)/Zy, and hence to the world-
volume of the orbifold giant graviton. Although there is no explicit dependence on 7, due
to our removal of the labels (+++)* and (— — —)?, there may be an implicit 7-dependence
through the phases x and ;. Under the orbifold identification, it is hence possible for the
pullback of the spinor (3.9) to pick-up non-periodic boundary conditions, with repetition
(up to a sign) only upon traversing the 7 circle k times. This is not inconsistent, however,
if we interpret it as an indication that the M5-brane has become wrapped k times on the
Hopf fibre direction 7, leading to multi-valued Killing spinors on its worldvolume.

The kappa symmetry conditions on ¥ are satisfied if

[0, =0 <= A0 =i7] if (0,,f)#0 (3.10)
Io0 =0 < 275U =iV if (9,f) #0 (3.11)
LU, =0 <= 47 00 =—i00 if (05f) #0 (3.12)
ML, =0 <= ¥ 1LUl=—i0% if (95f)#0. (3.13)

Alternatively, simply note that (£, £, £)" = (&£, &, F)?, so we can make use of the original
kappa symmetry conditions and project out the partial labels (++ —)" and (— —+)". We



obtain the following classification:

fGz1): (++-)* (+—4)* (+——)* 12 of 24 spinors — %-BPS

f(zZ3): (—=4+)* (—+—-)* (—++)* 12 of 24 spinors = %-BPS

fla,23) 0 (++ ) (+——)* 8 of 24 spinors = 1-BPS
z1,22) 0 (++ — o spinors =—> =-

f z 4 of 24 spi LBPS
Z3,24) 0 (++ — 0 spinors — =-

f( )+ ( )? 4 of 24 spi L_BPS
21, 22,%23) 0 (++ — of 24 spinors — =-

f : 4 of 24 spi 1-BPS

f(z1,23,24) : (++ )7 4 of 24 spinors — %_BPS

f(z1, 22,23, 24) © (4 —)7 4 of 24 spinors —> L-BPS

This construction has a U(4) symmetry associated with transformations preserving
both the metric and complex structure of C* before the orbifold reduction:

(21,22,23,24)T — U(21,22,23,24)T, with U € U(4), (3.14)

becoming an SU(4) symmetry when the surfaces C(t)/Z;, are intersected with S7/Z.

3.2 Orbifold giant gravitons as the zeros of holomorphic polynomials

The holomorphic function f(wi,ws, ws,wy), rewritten in terms of the z, coordinates, is
given by f(z1, 22, Z3, Z4) and can again be approximated to arbitrary accuracy by a polyno-
mial of degree n, if n can be made arbitrarily large. The surface C(t) in C*, when boosted
into motion, can be approximated by the solution of

'le ,n? ,n3 ,TL4
ni+ng+ng+ng=~

n ) .
Z Z Crynanana e—%(n1+n2+n3+n4)§t (21)774 (22)n2 (23)713 (24)714 =0. (3‘15)
/=1

Let us now consider the orbifold reduction. We can rewrite the complex coordinates z, in
terms of the radii r, and redefined phases 7, x and ;. Setting 7 = %, where 7 has the
usual 27 periodicity, we then approximate the surface C(t)/Zy in C*/Z; by

D Coumangng € BIEREREIEL () (2 (g9 ()1

ni,n2,n3,n4

x e%(n1+n2*n3*n4)% e%(n3+n4)x 6%”2@1 e%n4902 =0, (316)

which, when intersected with S7/Z;, gives the (spatial) worldvolume of an M5-brane orb-
ifold giant graviton. This polynomial is clearly dependent on the orbifold fibre, in general.
This allows for the possibility of motion along the eleventh fibre direction 7 and/or, if 7 is
a worldvolume direction, the M5-brane embedding coordinates becoming 7-dependent.

It is only in the special case in which all the coefficients ¢y, pynsn, vanish, except those
with ni + ng = n3 + ngy = m, that the holomorphic function is independent of 7. There



is then no motion along the orbifold fibre 7 and no dependence on the worldvolume direc-
tion 7 in the M5-brane orbifold giant graviton embedding coordinates. The ansatz is thus
considerably more straightforward:

m

m
SN S Curnangng € (1) (r2)"2 (r3) (ra)™ €3 X €370 3R = 0, (3.17)

m=1n;=1n3=1

w3

with ne = m—n; and ny = m—ng. Here the polynomial depends only on the combinations
z123, 2124, 2223 and z9Z4. There is an obvious link between this special subclass of %—BPS
orbifold giant gravitons and the restricted Schur polynomial operators built from composite
scalars AlBI, AlB;, AQBI and Ang in the ABJM model, which were constructed in [42].
The operators dual to the more general class of %-BPS orbifold giant gravitons associated
with the ansatz (3.16) are not presently known.

3.3 CP? descendants

The compactification on the orbifold fibre 7, through which M-theory on AdSyxS”/Zy, is re-
duced to type ITA superstring theory on AdS,;x CP3, can be seen as the limit of large k. This
new class of %—BPS Mb5-brane orbifold giant gravitons therefore gives rise to a new class of
%—BPS D4 and NS5-brane descendants, wrapping 4-manifolds and 5-manifolds in the com-
plex projective space, with the same supersymmetry as their Mb5-brane ancestors. These
so-called CP? descendants are associated with surfaces f (21, 22, 23, 24) = 0, boosted into
motion as in (3.1), but now involving the CP? homogenous coordinates z,, which are param-
eterized only by the phases x, ¢1 and 9, and not by the overall phase 7 = % We expect the
CP? descendants to pick up an additional DO-brane charge (as in [33, 36]), if the function f
depends on the eleventh fibre direction 7. We do, indeed, observe a coupling in the D4 and
NS5-brane action of section 5 to a worldvolume field strength, F(1), associated with DO-
branes ‘ending’ on the worldvolume. We present explicit constructions of %-BPS orbifold
giant gravitons and their CP? descendants in sections 4 and 5 to demonstrate this effect.

The special cases of M5-brane orbifold giant gravitons associated with functions of the
form f (2123, 2124, 2223, 22Z4) have anséitze which remain unaltered by the orbifold identifi-
cation and subsequent compactification. The worldvolume R x () can then be obtained
by boosting the surface ¥ into motion,

Y f(z123, 2124, 2023, 2024) =0 — X(t): f(2123 e_iét, 2124 e_iét, 2973 e_iét, 2974 e_iét) =0,
(3.18)
with € = £1. There is a supersymmetry enhancement from %—BPS to %—BPS when the
function f(z1z3) depends on only one combination, say z1Z3. These surfaces X(¢) may be
approximated to arbitrary accuracy by solutions of (3.17), with the z, now the homogenous
coordinates of CP3. This special subclass of CP? descendants, being D4-brane CP? giant
gravitons supported entirely by their angular momentum in the complex projective space,
carry no extra D0-brane charge and are described by the standard DBI plus CS action.
One such example is the CP? giant graviton of [34, 35], which we now view as the CP?
descendant of the %—BPS orbifold giant graviton associated with the polynomial function

f(leg) = 2123 — (2R)2\/ 1-— 04(2) , (319)
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with g € [0, 1] the constant size parameter. This D4-brane CP? giant graviton should, at
least at zero coupling, be dual to a Schur polynomial operator xr(A41 BI ) constructed from
the composite scalar field AlBI and labeled by the totally anti-symmetric representation
R of the permutation group [41, 42].

1 . . .
4 3-BPS orbifold giant gravitons

The simplest %—BPS sphere giant gravitons are associated with linear holomorphic polyno-
mial functions of a single complex coordinate

flwg) = wg — (2R)y/1 — ad, (4.1)

with ag € [0,1] the radial size of the S5 C S worldvolume. After the orbifold identifica-
tion, the %-BPS orbifold giant gravitons associated with these linear functions will differ,
depending on the alignment between their directions of motion and the fibre direction 7.
Ideally, we would like to describe a family of %—BPS orbifold giant gravitons parameterized
by the proportion of their motion along 7 before the orbifolding.

Towards this end, let us modify the parameterization of appendix A by an overall
phase, which is dependent on a new parameter 5 € [0, 1]:

21 =r1eX" = (2R) cos(sin% er=Per}

29 = 1y eX2 = (2R) cosgcos% eHT+(1=P)e1}

23 =138 = (2R) sinCsin% eHT—x=Bp1}

24 = ryeXt = (2R) sin(cos% eT—x—w2=Ber} (4.2)

with 7 = % after the orbifold identification. This is equivalent to shifting 7 — 7 — 8 1 and
thus does not change the metric of the complex projective space. Here now

0 0
A= —sin?¢ dy + (cos® ¢ cos? 51 — B) dyp; — sin® ¢ cos? 52 depo (4.3)

is the only redefinition needed for the background spacetime (see appendix A).
We shall take as our holomorphic function

f(Zz) = Z9 — (QR)\/ 1-— Oé% . (4.4)

The moving surface C(t) is f(z2 e_%ét) = 0 which, when intersected with S7 describes the
(spatial) worldvolume of the sphere giant graviton and leads to the expression

91 T — i .
COSCCOSE et (=Fent — /1 o e2¢®W where £(t) =€t = +t, (4.5)

with the other phases independent of the worldvolume coordinates. We set 7 = % to ob-
tain the surface C(t)/Z; which must be intersected with S7/Zj. The worldvolume of the
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orbifold giant graviton is then described by the radial coordinates ¢ € [0, ] and 6; € [0, 7],
satisfying the constraint

6
cos? ¢ cos? 51 =1-a3, (4.6)

and the angular coordinates o, x, v2 € [0, 27] in terms of which the phases are

T

T

=660+ -Bo, pi=3E0) -0 x and g (@T)

This M5-brane configuration is twisted on the Hopf fibre direction for all 5 # 1:

=g {560 -) = 25 {560 - ) (48)

by which we mean that the embedding coordinate ¢i(t,7) depends on the eleventh fibre
direction. Here 7 € [0, 27k] may be regarded as an alternative worldvolume coordinate to
o, after a coordinate redefinition involving a mixing with the worldvolume time ¢. The orb-
ifold giant graviton is wrapped on 7 and thus we expect its CP? descendant (constructed
in section 5) to be a D4-brane giant graviton with D0-brane charge, as well as angular
momentum in the complex projective space.

The special case of 8 =1 has

1

=3 E(t) and o1 = %f(t) -0 (4.9)

R

T

with motion along 7 and 7, but no wrapping on the fibre direction. The CP? descendant
must therefore be an NS5-brane supported only by D0-brane charge.

4.1 R x S7/Z; background

We shall parameterize the R x S7/Z;, C AdSy x S7/7Z; subspace, into which the %—BPS

orbifold giant is embedded, in terms of the anti-de Sitter time ¢, the angular coordinates

(T, X, ¢1,p2) and the radial coordinates («,u, z). Here we define
0 1—a?

os? 2L ( )

== and cos? b2 =z. (4.10)

2 2
= (1 —
cos” ¢ = (1 — a“u), cos” 5 { 2) 5

The parameter oy € [0, 1] has been promoted to a radial coordinate orthogonal to the
giant’s worldvolume, while u, z € [0, 1] are radial worldvolume coordinates.
The metric can be written as

ds = R2{—d? + ddske g, | = B2 {—dt* + ds?y + dslg} (4.11)
where the radial and angular parts are

4 da? o du? a?u dz?

dsl%ad = (1 _ 042) + u(l — U) + Z(l — Z) (412)
2 2
sty = 40” (1 —u) {;d% —ﬁdw} +4(1-a?) {;dwr (1-5) dgpl} (4.13)
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1 2 1 2
+40%u (1 - 2) {k d7i —dx — Bd(pl} +40’uz {k: dT — dx — dys — Bdgpl} )

in terms of the new radial coordinates. The 7-form field strength is given by
1
k

associated with the following 6-form potential:

F = 96— RS a®u da Adu A dz Adi A dy A dpy A dpy = dC©, (4.14)
6) _ 102t p6 6 -
C —16%}20dud’U//\dZ/\dT/\dX/\d(pl/\dQOQ. (4.15)
The constant form of integration has been chosen such that C(®) vanishes when o = 0.

4.2 M5-brane orbifold giant graviton solution

Let « be constant and choose the M5-brane worldvolume coordinates o = (t, u, z, 0, X, ¥2).
The direction of motion is

(1= B)r = 51 (416)

| W

X2 =

and we shall take the ansétze (4.7) and (4.10) for the angular and radial coordinates.
The Mb-brane action takes the form

1
Snis = — d° det gop| +
M5 (27)5 o /| det gap|

1
w&/faﬂ”%@w (4.17)

in the absence of any worldvolume gauge fields. Substituting our ansatz into this action,
we obtain

Sty = /dt L, with L= —% {a5\/a2 +(1-a?)(1-¢) - a65} (4.18)

the Lagrangian. Here N = % is the flux through the S”/Z;, space, which is dual to the

rank of the ABJM gauge group.

The momentum conjugate to £ is given by

kN kN ad(1—a?)€
PgEipzi ( )f

2 2 \/aQ +(1-a?) <1 — §2>

while the energy H = P € — L can be written as

+ab 3, (4.19)

N N 5
p=N g AN a (4.20)

2 2 \/aQ—l—(l—Oéz) (1_52)'

Inverting the expression for the momentum as a function of the angular velocity gives

(p—a®)’
[(p —ab)? +alo(1 - QQ)}

(1-a?) &= (4.21)
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a 0.6 "y 1

Figure 1. The (shifted) energy of the M5-brane configuration in units of %, given by h—p, plotted
as a function of the (scaled) radius o € [0, 1] of the M5-brane at fixed p = 0.5. The a = ag = p'/*
finite size, degenerate minimum is clearly evident.

and hence the energy can be written as a function of the momentum and the size o as
follows:

kN 1
H:—i\/ —ab)? £ al0(1 — a2). 4.22
5 V(=0 £ a0 (1 a?) (4.22)
Plots of the energy at constant angular momentum are shown in figure 1. The finite size

1/4 minimum (the giant graviton) occurs when § = 1 and is energetically

a=aq) =p
degenerate with the o = 0 solution (the point graviton). Notice that H = P for the giant

graviton solution, indicating a BPS configuration, as expected.

5 %-BPS CP3? descendants

5.1 R x CP? background

We parameterize the Rx CP? ¢ AdSyx CP? subspace, into which the D4-brane is embedded,
in terms of the anti-de Sitter time ¢, the angular coordinates (x, 1, p2) and the radial
coordinates («,u, z). The metric is given by

ds® = L? {—dt® + ddsips } = L {—dt? + dslyq + dsiy, } (5.1)
where we define
4 do? a? du? a?u dz?
dsy = 5.2
Srad (1—a2)+u(1—u)+z(1—z) (52)
2
2
2 _ 4.2 2 (1-0?)
dsing = 40’u (1 —a’u) |dx + md(pl + z dipso
40?2 (1-0a?) (1 -
o (1-e) (1 -w) de? + 40”uz (1 — z) dp’ (5.3)

(1 —a?u)
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and the dilaton ® satisfies e?® = %. The field strength forms in this subspace are
F® =k dA = dcW

FO = —24kL*au do Adu A dz A dx Adey A dpy = dC®)
associated with the potential forms

oW = k{(1—B)de —o? [udy + dp1 +uz dps]} =k A (5.6)
C®) = —4kL*aSu du A dz ANdx Ndpr A dps.

Here we have taken into account the shift 7 — 7 — 81 (or T — 7 — kS ¢ after the orbifold
identification) in the eleventh fibre direction, discussed in section 4.

5.2 D4 and NS5-brane CP? descendant solutions

Our %—BPS family of Mb5-brane orbifold giant gravitons is described by an ansatz (4.7)
with the angular coordinates 7(t,0) and ¢1(t,0) generally dependent on time ¢ and a
spatial worldvolume coordinate o. Here o plays the role of an isometric direction in the
dimensional reduction of the M5-brane in the orbifold S7/Z; to a D4 or NS5-brane in the
complex projective space CP?. The non-trivial dependence of ¢, on this direction forces us
to take a more general ansatz in which 0, X* # 0 for p € {0,1,...,9} for this reduction.
We still impose the condition that these derivatives are o-independent. For 5 € [0,1),
the Mb-brane is wrapped on the eleventh fibre direction 7 and thus becomes a D4-brane
after the compactification of S7/Zy to CP3. The D4-brane is described by an action in
which ¢ has become a transverse isometric direction. When compared with the standard
action for a D4-brane, this new action contains extra couplings to a worldvolume scalar,
9, which forms an invariant field strength, (), with the RR 1-form potential. The D4-
brane can therefore carry DO-brane charge. For § = 1, there is motion along the eleventh
direction 7(t), but no wrapping on 7. After the compactification, the M5-brane becomes
an NS5-brane, which again contains the o direction as an isometric direction, in this case
lying on its worldvolume. The NS5-brane therefore spans an effectively 441 dimensional
worldvolume. The action that describes this NS5-brane is identical to the new action
of the D4-brane with an isometric direction. In particular, additional couplings to the
worldvolume scalar, ¢(9), and its invariant field strength, F @ are again found, indicating
DO-brane charge dissolved on the NS5-brane worldvolume.

The reduction of the M5-brane action (4.17) in AdSy x S7/Z;, to a D4 or NS5-brane
action in AdS, x CP? is described in appendix C. As already mentioned, this new action may
be seen (for 5 € [0,1)) as the action of a D4-brane with an isometric transverse direction or
(for B = 1) as the action describing an NS5-brane with an isometric worldvolume direction
after a dimensional reduction upon [* = &5. Substituting the M5-brane orbifold giant
graviton ansatz (4.7) into the DBI action (C.1) gives

1 k2o
Sha/nss = —W/dsa 57 Vldetha, (5.8)
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where
PNy
hab = gab + 12 + €2d) 82 (‘7: )a (‘7: )b (59)

with 1% = g, and

Gap = gap — 22987 S = 9,0 14,00 | FO = gc® 4 [(c@)a -8 g‘“’] do®, (5.10)
oo gO'O'
as derived in appendix C. Here F1) is the invariant field strength associated with DO-
branes ‘ending’ on the D4 or NS5-brane, with ¢(¥) a worldvolume scalar whose origin is
the eleventh direction. Note that ¢(©) arises from the motion 7 along the fibre and 9,¢(?)
is related to the twist 0,7 on this eleventh direction. The CS action (C.3) becomes?

1 ai--a
S5 s = iw/d% e LI (1= 8) (Cayay + 00, € (€D gy b (5:17)

The %—BPS Mb5-brane orbifold giant graviton ansatz (4.7) then yields the following
ansatz for the D4 or NS5-brane CP? descendant: the radial coordinate « is set to a constant.
Then 0% = (t,u, z, X, p2) are chosen to be either the worldvolume coordinates of the D4-
brane (for 8 € [0,1)) or the reduced worldvolume coordinates of the NS5-brane (for 5 = 1)
after a dimensional reduction on the isometric worldvolume direction [* = §%. The second
term in the CS action arises from an interior product with this Killing vector. The direction
of motion in the complex projective space is @1 (t) = % &(t) and the worldvolume scalar takes
the form ¢ (t) = $kB&(t). We can then compute

. a2
b = L2 [~1+ (1= 0?) €] huu:LQ{u(l_u)}
oz2u
hZZ:LQ{Z(l_Z)} hyy = L* {40u (1 —u)}
Rpnps = L* {4 0”uz (1 —uz)} hys = L? {40%uz (1 —u)}, (5.12)

as well as

1 .
e { (1= 8) (Carwas + 0y (C)gyaaq)} = =5 KE(Cuaxoren
= 2kL*aSu¢. (5.13)

The D4 or NS5-brane action can now be simplified as follows:

Spa/nss = /dt L, with L= —% {a5\/a2 +(1-a?) (1 _ 5‘2) _ oﬁg} L (5.14)

This is identical in form to the action of the M5-brane orbifold giant graviton from which

it descends. Here N = % is the flux through the CP? compact space. The energy plot

shown in figure 1 is still applicable. Now the momentum P; = % p is fixed and the

1/4

energy is expressed in units of % The a = ag = p/* minimum occurs when £ = 1 and

4We choose the positive sign here for a brane (rather than an anti-brane) configuration.
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¢0) = % Note that %Pm = (1-p) P: and %kPC@ = P, so the parameter 3 is related to

the momentum in the complex projective space. This momentum F,, vanishes precisely

when = 1, being the case of the NS5-brane, which is supported only by D0-brane charge

and not by angular momentum. Since it is possible to view these D4 or NS5-brane CP?

descendants as Mb-brane orbifold giant gravitons in the large £ limit, we maintain that
1

this remains a 5-BPS configuration, as the above action would also seem to suggest.

6 Discussion

This article is a comprehensive study of M5-brane giant gravitons and their various D4
and NSb5-brane descendents. In addition to a survey of the literature of known giants, we
have also shown the existence of several new classes of giant gravitons, both in the orbifold
AdSy x S7/Zy as well as in its dimensional reduction to AdS, x CP3. A vital role in our
constructions is played by Mikhailov’s ingenious observation relating giant gravitons and
holomorphic surfaces [1]. Here we have extended this holomorphic surface construction of
giant gravitons to the ABJM correspondence by studying the effect of the orbifolding of
S™ by Zj on the (moving) worldvolume Y(t) = C(t) N ST of the M5-brane giant graviton.
The direction of motion of this sphere giant graviton is the component of the preferred
direction orthogonal to the worldvolume. While this preferred direction in S7 induced
by the complex structure of C* is purely arbitrary, once made, it does break the SO(8)
isometry of the 7-sphere down to SU(4) = SO(6). This choice is crucial, however, on the
orbifold S7/7Z;, C C*/Zy. Here, the preferred direction of the giant graviton construction
must now be chosen carefully in relation to the Hopf fibre of the orbifolding. Indeed, it
is only for a particular choice of preferred direction that all the %—BPS sphere giant gravi-
tons become %—BPS orbifold giant gravitons, with none of the configurations losing all its
supersymmetry. In this language then, the worldvolume of the orbifold giant graviton is
N(t)/Zy, = C(t)/Zs, N ST/ Zs,. To summarise our results, in addition to our generalization
of Mikhailov’s construction, we find and study in particular:

e A new class of M5-brane orbifold giant gravitons embedded into S7/Z;. These are
generically %—BPS, but enjoy a supersymmetry enhancement to %—BPS and %—BPS
configurations for certain simpler holomorphic surfaces. These orbifold giant graviton
solutions exhibit an SU(4) symmetry.

e A new class of D4 and NS5-branes, being CP? descendants of the orbifold giant gravi-
tons under the compactification of M-theory on AdSy x S7 /74, to type ITA superstring
theory on AdSy x CP3, which may be implemented as the k — oo limit of the orbifold
spacetime. These configurations will have the same %—BPS (possibly enhanced to %—
BPS or %—BPS) supersymmetry as their orbifold giant graviton ancestors. Included is
a subclass of %—BPS D4-brane CP? giant gravitons, supported only by their angular
momentum in the complex projective space, with a supersymmetry enhancement to
%—BPS configurations in special cases. One such special case is the solution of [34].

e A new, one-parameter family of %—BPS M5-brane orbifold giant gravitons embedded
into S7/7Zj, as an explicit example of the above construction. For this class of solutions
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the parameter 5 € [0, 1] can be interpreted as a measure of how far away the direction
of motion of the orbifold giant graviton is from the fibre direction (where g = 1).
Some properties of these solutions are:

— For parameters 8 € [0,1), the orbifold giant graviton is moving and wrapped
on the orbifold fibre, as well as moving in CP?. The embedding coordinates
of the Mb-brane are dependent on this eleventh fibre direction and its CP3
descendants are D4-branes with both DO-brane charge, P,o) = 2k:_1P§, and
angular momentum, P, = 2(1 — ) P, in the complex projective space.

— For the special case of § = 1, with no wrapping along the eleventh direction,
the CP? descendant of the M5-brane orbifold giant graviton is an NS5-brane
carrying DO-brane charge, P.o) = 2/{:*1P§, only. This dielectric NS5-brane
(NS5-DO0-brane bound state) is the same as that found in [33] up to a change of
worldvolume coordinates.

e A new action describing D4 and NS5-branes with a special U(1) isometric direction.
In the case of a D4-brane, this is transverse to the worldvolume, while for an NS5-
brane it lies on the worldvolume. This action describes the %—BPS CP3 descendants
in a unified way (both the D4 and NS5-branes), and contains an explicit coupling to
a field strength, F(I), constructed from the RR 1-form potential, which accounts for
DO-brane charge in these brane configurations.

We consider these configurations as an important step in the cataloguing of supersymmetric
branes in M-theory and string theory, and hope that they will eventually find their place
as indispensable entries in the AdS/CFT dictionary. Until then, there is much still left to
do. Most pressing is, no doubt, to gain an understanding of their dual description in the
gauge theory. We conclude this article with some thoughts on the dual ABJM operators
as a topic for further study in the near future.

The operators dual to the most general orbifold giant gravitons and their CP? descen-
dants are not presently known. In the special case of D4-brane CP? giant gravitons with
no DO-brane charge, whose ansétze lift directly from the complex projective space to the
orbifold, there seems to be a clear link with operators in the ABJM model constructed
from composite scalars of the form A;Bj, as in [41-43], at least at zero coupling.” We
anticipate that CP? descendants with DO-charge will be dual to operators with additional
monopole charge, such as those discussed in [39, 40]. In the case of the simplest %—BPS
operators built from a single scalar field, A; or B;, with invisible monopole operators at-
tached to ensure gauge invariance, we suggest that linear combinations of the single trace
operators of [39] might be used to build Schur polynomials dual to the 3-BPS orbifold
giant gravitons and their CP? descendants constructed in this work. The requirement that
the monopoles must be equivalent to large gauge transformations (and thus unobservable)
implies that the ABJM operators should be built from the scalars (A;)* and (B;)* with

5As soon as one deviates from zero coupling A, it becomes vital to consider the ordering of the ABJM

scalar field components, (/li)“ﬁ and (Bj),”, in the dual operators and the problem gains an additional level
of complexity.
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monopoles attached. This is linked to the %—BPS orbifold giant gravitons being wrapped
k times on the eleventh fibre direction. But that, as they say, is a whole other story. ..
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A Backgrounds

A.1 AdSs; x S7 background

The AdSs x S7 background is a maximally supersymmetric solution of the 11D SUGRA
equations of motion. In the Neveu-Schwarz sector, this solution has metric

ds* = R* {ds? g, +4ds%: }, (A1)
while the dilaton and B-field vanish. The Ramond-Ramond field strength forms are

¥ = _3R3vol(AdSy) (A.2)
F = «F® = 3(128) R vol(S7). (A.3)

Let us embed S” C C* into a complex manifold with coordinates:
7 . 61 i . 01 T
z1 =rieXt = (2R) cos(sm; et = (2R) cos(sm; e
. 0, . 0, .
29 = roe™? = (2R) cos( cos 51 eX2 = (2R) cos ( cos 51 pi(T+e1)
. 0, . 0, .
23 = rge™® = (2R) sin( sin 52 eXs = (2R) sin ( sin 52 (T
. 0, 0,
2y =r4€™* = (2R) sin( cos 52 e™ = (2R) sin( cos 52 ellr=x=¢2), (A.4)

in terms of x, € [0,27] or, alternatively, in terms of 7, x,p; € [0,27] with 7 the overall
phase. The AdS, and S7 metrics are then given by

dr?

dshas, = — (L+7%) dt> + (1472) + 1% (d0* + sin® 0 dg?) (A.5)
ds%q = (dr + A)* + dS%Ps (A.6)

with the metric of S7 written as a Hopf fibration S7 <= CP? over a complex projective
space. Here

0 0
A= —sin? ¢ dy + cos? ¢ cos? 51 do1 — sin® ¢ cos? 52 dpo (A.7)
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and
2

0 0
dsips = d¢? + cos? (sin® ¢ |dx + cos® 51 dipy + cos® 52 dip2

1 1
+ 1 cos® ¢ (dﬁf +sin? 6, d(p%) + 1 sin? ¢ (d@% + sin? 6y dcp%) (A.8)

is the Fubini-Study metric of the complex projective space CP?, parameterized by the ra-
dial coordinates ((,0;) and angular coordinates (x, ;). It is evident that there are two
squashed S%’s with coordinates (;, ;) embedded in CP?. The additional radial coordinate
¢ controls the radii of these two S?’s. The additional angular coordinate y describes a fibre
direction. The field strength forms are explicitly given by

FW = _3R%?sin@ dt Adr Adf A dp (A.9)
F) = 24 ROsin3 ¢ cos® ¢ sin 6y sin By d¢ A dby A dfy A dr A dx A dpy A dps. (A.10)

A.2 AdS4 x S7/Z background

To obtain the orbifold AdSy x S7/Z; solution of the 11D SUGRA equations of motion, we
simply identify 7 ~ 7 + 2?” Defining 7 = k7 (where 7 is an angular coordinate with the
usual 27 periodicity), the background metric becomes

: IR
ds? = R? {ds?qd& + 4d5257/Zk} ,  with dS?SW/Zk = (d7 + kA)? + dsépg, (A.11)
and the non-vanishing field strength forms are
FW = _3R3vol(AdSy) = —3R3r?sin® dt A dr A df A dg (A.12)

FT = W = 3(128) RS vol(S7 /Zy,)
1
=24 - RCsin® ¢ cos® ¢sin @y sinfy d¢ A dfy Adfy Ad7 Ady Adpy Adpy.  (A13)

This orbifold background solution retains 24 of the original 32 solutions of the Killing-
Spinor equations, and is hence no longer maximally supersymmetric.

A.3 AdS; x CP3 background

The AdSs x CP? solution of the IIA 10D SUGRA equations of motion can be obtained
from the AdSy x S7/Z; 11D SUGRA solution [28, 29] via a Kaluza-Klein reduction on an
S1 described by the Hopf fibre 7:

4 .
ds? = R* (dsaas, + 4ds2ps) + ERQ (d7 + k.A)?

cp3
= ¢75% L2 {ds’ g, + 4dsips} + €5 (dF + kA)?, (A.14)
which implies: R = %k:L2 and e?® = %. Moreover, Fy has no legs in the 7 direction, and

hence Fy and By = 0 remain unchanged by the reduction.
The AdSs x CP? solution has the metric

d82 = L2 {d8124d54 + 4d8%ﬂmg} s (A15)
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with now a constant dilaton ® in the Neveu-Schwarz sector. The Ramond-Ramond field
strength forms are given by

FO — kdA = k{—QcosCSinC d¢ N dx+cos2921d<p1+c0s2622d902]

1 1
-3 cos® sinfy dfy A dpy + 3 sin? ¢ sin 6y dfy A d@} (A.16)

F® = —g kL*vol(AdS,) = —g kL?r%sing dt A dr A df A dy (A.17)
FO = 4 p®) = 2(64) kL* vol (CP?)

= 6kL* cos® ¢ sin® ¢ sin By sin by dC A dby A dby A dy A dpr A deps (A.18)
F® = «p®), (A.19)

This AdS, x CP? background can be thought of as the large k limit of the orbifold AdS, x
S7/Z. background and also preserves 24 of 32 possible supersymmetries.

B Details of the holomorphic surface construction

Here we review the construction [1] of a large class of %—BPS Mb5-brane giant gravitons
embedded into S” € C* in the maximally supersymmetric 11D SUGRA geometry AdS,x.S”
from holomorphic surfaces in the complex manifold C*.

B.1 Holomorphic surfaces

Let us define
Wy = pa ¥ = (2R) uq e'¥e (B.1)

to be four coordinates for the complex manifold C* with metric

4 4 4
ds® =" dw, divg =y _ (dp} + p% dv3) = > (2R) (dug + ug dy)  (B.2)
a=1 a=1 a=1

and complex structure fixed by this initial choice of complex coordinates w,. Here the sub-
manifold S7 is obtained by setting (2R)? = 3", p2 to a constant. The tangent space of the
complex manifold TC* contains a single unit vector e = %83 orthogonal to the tangent
space of the submanifold TS”. The complex structure of C* then induces a preferred direc-
tionel =Tel = ﬁ 0,inTS 7, with 7 the overall phase of the complex coordinates w, ~ €7,
We now consider a holomorphic surface C defined by f(wy,ws,ws,wy) = 0 in C* with
f some holomorphic function. The intersection of this holomorphic surface C with the
submanifold S” describes the (spatial) worldvolume ¥ = C N S7 of an M5-brane giant
graviton® embedded into S C C* at time ¢ = 0. The surface ¥ is then boosted into
motion by applying a (reverse) boost along the preferred direction wg, — w, e 2¢ to the

complex coordinates before substituting them into the holomorphic function:

Ct): flun 6_%ét,w2 e_%ét,wg e_%ét,w4e_%ét) =0, with & = +1. (B.3)

A collection of M5-brane giant gravitons is found if ¥ is a collection of disjoint surfaces in S”.
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Here we are boosting along the overall phase v — v+ % § t, so that the boost velocity is v/l =
(2R)(% 5) = RE on the great circle in S7 parameterized by v and with radius 2R. This nat-
urally leads to the motion of the surface ¥, not along the preferred direction ell, but rather
along the direction e?, which is the component of el orthogonal to the tangent space T:

el = —cosp e? £ sinp e,  with e¥ e TS, (B.4)

The velocity of the surface ¥(t) along the direction of motion e? is v¥ = —R¢ cos 1, with
p € [—m, 7] a free parameter.

There is one other direction in T'S” (apart from the direction of motion e?) orthogonal
to T, since the surface ¥ is two real dimensions lower than the submanifold S7. This is
defined to be a unit vector e™ which is also orthogonal to e?. In addition, we shall need the
unit vector Ie?, which is automatically orthogonal to both e? and TE, and has components
along both e” (within T.S7) and along e’ (orthogonal to T.S7):

Ie? = cosp et + sinp e™. (B.5)

Expressions for the unit vectors e? and Ie? can be written down explicitly in terms of the
derivatives (0y, f) of the holomorphic function, and the vectors 9,,, and Jg, in the tangent
space TC* of the complex manifold:

1 1

'LUcf) We “g |awdf|2

0
> (0w, f) wa] > (Ouwn ) Ou, — [Z (Ow, f) w] > (0w, f) aw,,} (B.6)
a b

b a

e¢

(

(&)

s

le? = 1 !

> (Ow, f)we ”zd: |awdf|2

S o] SEmo.

a b

> (@u.) w] > (Bun ) awb} : (B.7)

a b

The pullback of the AdS, x S7 metric to the worldvolume of the giant graviton is then
given by

ds* = — {R2 - (Ud))z} di? + % do'do? = —R?sin® p dt* + %y do'do?, (B.8)

with ¥;;(¢, 0%, 1) the metric on the spatial worldvolume X(t) at time ¢. The volume element
on the full worldvolume is

V]det gap| dt Adot Ado® Adod Adot Ado® = Rlsinp| dt Avol (8). (B.9)

It was argued in [1] that this M5-brane giant graviton satisfies a BPS bound E = P,
indicating a supersymmetric configuration.
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B.2 Supersymmetry analysis

Let us now review the supersymmetry analysis of [1] for these M5-brane giant gravitons,
which relies upon an embedding of the 11D curved spacetime AdSy x S7 into the 13D flat
spacetime R**3 x C*. We derive the KSE’s and the kappa symmetry condition.

In this appendix, we will make use of the following convenient coordinate system for
the R2T3 x C* spacetime:

= (t,r,0, ¢, R) U (Jl,02,03,04,05,x¢,x",2R), (B.10)
where the metric takes the form
ds® = —dR* + R? ds% g, + d(2R)* + (2R)* ds%; = g do” da”. (B.11)

Here g,,, = €}, el N With signature n = (—+++ —) U (+ --- +) in terms of the vielbeins
6
o

of the flat space =, matrices.

e, in these coordinates. The curved spacetime I';, = €}; 7, matrices can be written in terms

The coordinates o run over the spatial worldvolume Y(t) of the M5-brane giant gravi-
ton, while 2® parameterizes the direction of motion e? and z™ the orthogonal direction e”
also in (TC)* N'TS”. Note that 0 is the unit vector in TR*"? orthogonal to TAdS, and
e’ = Oyp is the unit vector in TC* orthogonal to TS”. We make use of notation in which
I'y = I'(e"), where the coordinate z" is associated with some direction e’. For the unit
vectors e?, e" and el we obtain

y10 =Ty = T(e?), yi1 =TI, =T(e") and yi2 =Iop =T'(e"). (B.12)

We project out a 32-component Majorana spinor ¥ from a 64-component complex spinor
U,

1
2
Here 4747vv12 = 1, since there is no chirality condition in 13D, with 4 = 9717273 and

U= (1 — 74’}/12) \If+, so that Y4712 U=V, (Blg)

v = Y57677Y8Y0 Y1011 for convenience.” We also impose the condition®
Yz Vg = Uy, (B.14)

from which it follows that 4 ¥, = —4 V¥, and y12 V4 = —y ¥,
The KSEs in flat R?T3 x C* spacetime, DV, =0, imply that 95V, = Oor¥y =0,
together with the KSEs in the AdSy x S” spacetime:

1 . 1
(DN + ﬁ ]'_‘M ’)/) \I’+ =0 and (‘DN — E FU ’Y) \IJ+ = 07 (B15)
"Note again that our conventions for the flat spacetime metric imply (70)?> = (74)?> = —1 and (11)? =
= (1)’ = () = = () = 4L

8The 64-component complex spinor ¥ in 13D contains 128 degrees of freedom, while the 32-component
Majorana spinor ¥ in 11D onto which it is projected contains only 32 degrees of freedom. We are therefore
free to specify two consistent conditions on ¥, : (B.14), and later also (B.22).
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for p € {0,...,3} and p € {5,...,11}, respectively. Here D, = 8, + 1(Q,)*?vavs are
now the supercovariant derivatives of AdSy x S7, with R = R taken to be constant. The
solutions of these R?*3 x C* background KSEs take the form

U (2#) = Mpers Mea T, (B.16)
where the AdS; C R?*3 dependence of the solution is explicitly given by
Mpa1s(t,r,0,0) = ¢T33P MY e=310Y 03072 039723 with 7 = cosh 0, (B.17)

and the C4 dependence in M4 is discussed in section 2.

The kappa symmetry condition for an M5-brane embedded into S” takes the form
1 €oris
6! \/Tdet gap|
pulled back to the worldvolume R x ¥(¢). The sphere giant gravitons constructed from

holomorphic surfaces have \/|det gq.p| = R |sin p| v/det Xy with worldvolume coordinates
(t, o). Here also ©® = v® = —R¢ cos . Hence we can compute

V=V with I'=— (i XH0) -+ (03, X"5) T s (B.18)

-1 .
= Tenpl (70 — & cos pr v10) Y10 711712 (YM12) 5 (B.19)

and the kappa symmetry condition can be rewritten as

<—57074> 710 {f | sin g y11 (yy12) + COSM’YU} U= (B.20)

Notice that the operator on the left-hand side of the above expression commutes with the
projection operator % (1 — v4712) and hence this condition is satisfied for W if it is satisfied
for ¥, . Using the additional properties of ¥, we shall thus insist that

<§ %ﬁ) Y10 {f | sin ] y11 + COSM’YlZ} v, =v,, (B.21)

with this spinor ¥ pulled-back to the holomorphic surface R x C(t) embedded and moving
in R?t3 x C*. Let us now choose pu € [—,7] such that &|sinp| = sinp. We shall also
impose the extra condition

YWY = —i T, (B.22)

Here we have simply chosen the orientation of the M5-brane configuration and the eigen-
value of 795 to be related to the direction of the motion { = +1 along e®. Note that any
Dirac bilinear in the C* space (for example, 7579, 76710 and 777y11), as well as 714 and Y23,
with eigenvalues which may be used to label the 32 degrees of freedom in the spinor ¥, ,
commute with ~g7%. It is therefore sensible to impose this constraint. The kappa symmetry
condition then reduces to

Y10 (Sin g y11 + cos i y12) Uy =i W, (B.23)
and (B.5) allows us to rewrite it as

D(e?)I(Ie?) U, =iV, (B.24)
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From our expressions (B.6) and (B.7), we obtain

<2 S (Bud) (Ound) T Ty (B.25)

@ éy _ ;
I'(e?)I'(Ie?) =i + Z’awcf|2 .

This kappa symmetry condition will be satisfied if we take
g, ¥4+ =0 (B.26)

for all the complex coordinates w, such that (9, f) # 0. It is already apparent that
we should expect supersymmetry enhancement for those giant gravitons associated with
holomorphic functions which are independent of several complex coordinates.

C The D4 and NS5-brane actions

Let us consider an Mb5-brane embedded into AdS; X S7/Zk with worldvolume coordi-
nates o4 = (t,u,z,x,2,0) = (6%, 0). The embedding coordinates X are labeled by
M € {0,1,...,10}. Here we take the eleventh direction X0 = 7(¢,0) to be dependent
on the worldvolume time ¢ and on the spatial worldvolume coordinate o, with the 7 and
J,7 derivatives o-independent. Under the compactification to AdSs x CP3, this M5-brane
becomes either a D4-brane with worldvolume coordinates o® (if 7 depends on o so that the
Mb5-brane is twisted on the eleventh direction) or an NS5-brane with worldvolume coordi-
nates o” (in the special case in which 7 is independent of o) with embedding coordinates
X* labeled by p € {0,1,...,9}. Due to the fact that, in our ansatz (4.7), the CP? angular
coordinate ¢ depends on o, we are forced to make a more general reduction from eleven
dimensions in which we allow 0, X* # 0. Still, we impose the condition that these deriva-
tives are o independent. Then o (or, equivalently, (1) appears in the reduced action as a
special isometric direction which is transverse to the D4-brane and lies in the worldvolume
of the NS5-brane. In the D4-brane case, the resulting action thus differs from the standard
DBI plus CS action in that it contains this special isometric direction in the transverse
space. This allows, in fact, for the inclusion of an explicit coupling to the RR 1-form po-
tential, which indicates DO-brane charge in the configuration. For the NS5-brane, in turn,
we recover the action constructed in [33] describing an NS5-brane with a U(1) isometric
worldvolume direction. When compared with the action of the unwrapped NS5-brane in
type IIA superstring theory, constructed in [46, 47|, we see that the self-dual 2-form field
of the latter is replaced by a vector, associated with D2-branes wrapping the isometric
direction. This allowed for a closed form for the reduced action to be given.
With this reduction ansatz the M5-brane DBI action becomes

1
SBE/IN% = _(277)4/6150 e 20\/12 + €20 S2 \/

e24 ]2

det <p[g]+l2+ew<ﬂl>)2> )

for a vanishing worldvolume 3-form field strength. Here [# = ¢4 is an Abelian Killing vector
that points along the o direction and G is the reduced metric with components G,,, = g, —
1721,,l,, where l,, = g,,, Y. The scalar S has been defined such that S = 9, ¢(¥) +4,CY), with
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i;C®) the interior product of the C'?) potential with the Killing vector. The worldvolume
scalar field ¢(?) has its origin in the eleventh direction 7 and forms an invariant field strength
l
FO =dc® 4 plcW)-s p [12} , (C.2)
when combined with the RR 1-form potential C(!) and the 1-form {; with l,, components.
It is therefore associated with DO-branes ‘ending’ on the D4 or NS5-brane. Written in this
form, the action is manifestly isometric under translations along the Killing direction. Note
that the 4 transverse scalars, together with the worldvolume scalar ¢(%) and the vector field
that arises upon reduction of the worldvolume 2-form field of the M5-brane (which we have
omitted in this calculation), give the right counting of bosonic degrees of freedom, 8, on
the 5-dimensional worldvolume. In the case of the NS5-brane, since there is no wrapping
on 7, 9, (¥ vanishes. In this case the DBI action (C.1) coincides with the expression given
in [33] for vanishing 2-form field strength. The reader is referred to [33] for more details.
The Mb-brane CS action reduces to
1 ,
SSa/Nss = @ / {_P [(1BO] + 0, D AP[CO) —dcD AP [ilC’(5)]}, (C.3)
7
where we integrate over 0% = (t,u, z, X, ¢2) and B(®) denotes the Hodge dual of the NS-NS
2-form field. Note that, in the actions (C.1) and (C.3), the pullback P is taken with respect
to the 0% worldvolume directions only. For example:

* g
P [C<l>] — oM (9,X") do®, P [z?] = = O (@XM do”, (C.4)
We stress that this action is applicable to both D4 and NSb5-branes: for the D4-brane, we
interpret 65 as the isometric transverse direction upon which the M5-brane ancestor was
wrapped. For the NS5-brane, we interpret 65 as an isometric worldvolume direction of the
MS5-brane ancestor and of the NS5-brane descendant.
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