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Abstract

The entropy of the three-charge NS5-F1-P black hole in Type IIA
string theory comes from the breaking of N1 F1 strings into N1N5 little
strings, which become independent momentum carriers. In M theory,
the little strings correspond to strips of M2 brane that connect pairs of
parallel M5 branes separated along the M-theory direction. We show that
if one takes into account the backreaction of the M-theory little strings
on the M5 branes one obtains a maze-like structure, to which one can
add momentum waves. We also show that adding momentum waves to
the little strings gives rise to a momentum-carrying brane configuration
– a super-maze – which locally preserves 16 supercharges. We therefore
expect the backreaction of the super-maze to give rise to a new class of
horizonless black-hole microstate solutions, which preserve the rotational
symmetry of the black-hole horizon and carry

√
5/6 of its entropy.
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1 Introduction

String Theory is famous for its ability to count the degrees of freedom that give rise to
the entropy of supersymmetric black holes, but this counting is always done in a regime
of parameters where the interactions are weak and the classical black-hole solution does
not exist [1–3]. This leaves open the question of how these microscopic degrees of freedom
look like in the regime of parameters where the classical black hole solution exists. This
question is hard to answer, because it is difficult to track these degrees as one moves to
this regime of parameters, and also because the black-hole microscopic degrees of freedom
look different in different duality frames.1

Historically, the quest for understanding the black hole degrees of freedom has been
pursued from the opposite direction: people have first constructed solutions with black-
hole charges that do not have a horizon and that exist in the same regime of parameters
as the classical black hole solution [4–35]. By construction, these solutions (known as
microstate geometries) describe some of the black-hole microstates. The second step was
to use holographic tools to relate some of them to the corresponding states in the CFT

1For example, the entropy of the D1-D5-P black hole for example comes from 1-5 strings carrying
fractional momentum quanta, while the entropy of the U-dual IIA F1-NS5-P black hole comes from
fractionated little strings carrying integer momenta.
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that counts the black-hole entropy [36–45]. This endeavor has been very successful, and
has produced some of the finest checks of the power of holography to date. However,
despite the tremendous amount of geometries constructed2, it has not been possible to
construct geometries dual to the states that account for the total black-hole entropy.

In this paper we take the opposite approach: We start from a weakly-coupled system
whose degrees of freedom count the entropy of the black hole, and attempt to track these
degrees of freedom to the regime of parameters where the classical black-hole solution
exists. Our starting point is the F1-NS5-P black hole in Type IIA string theory, whose
entropy comes from the fractionation of each of the N1 fundamental strings into N5 little
strings living in the worldvolume of the NS5-branes [48,49]. The resulting N1 ×N5 little
strings wrap the common F1-NS5 direction and can carry momentum along this direction
by transverse oscillations in the other four internal directions of the NS5 branes [3]3. It
is not hard to see that in the Cardy limit the entropy of these oscillations and of their

fermionic superpartners is Slittle strings = 2π
√

(4 + 2)N1N5Np

6
, reproducing precisely the

entropy of the F1-NS5-P black hole.

The M-theory uplift of this system makes the little strings less mysterious: One obtains
N5 M5 branes wrapping the common 1-5 direction (that we will henceforth call y) and that
are located at different points of the M-theory circle. One fundamental string uplifts to an
M2 brane wrapping y and the M-theory circle, x11, and this M2 brane can break into N5

“strips” stretching between two adjacent M5 branes. As one can see from Figure 1, these
M2 strips can move independently along the other internal directions of the M5 branes.
Hence, the fractionation of an F1 string into N5 little strings has a clear geometric picture
in M-theory, as the breaking of an M2 brane into N5 strips.

The purpose of this paper is to begin tracking the fractionated little strings, from the
“zero backreaction” regime, where their counting reproduces the the F1-NS5-P black-hole
entropy, to the regime of parameters where their backreaction becomes important. We
will show that the momentum-carrying fractionated strings coalesce into 4-supercharge
brane bound-states that have locally 16 supersymmetries.

The first step in our endeavor is to understand the backreaction of the M2 strips
ending on a single M5 brane. We show that their behavior is similar to that of the
Callan-Maldacena spikes describing backreacted F1 strings ending on D3 branes [50].
Since the M5 branes and the M2 branes extend along a common direction, the M2 branes
will now form “furrows” on the M5 brane worldvolume, whose transverse section will look

2Of order e

√
N1N5N

1/2
p for the D1-D5 system [46,47].

3In the rest of this paper, we refer to these microstates as “Dijkgraaf-Verlinde-Verlinde (DVV) mi-
crostates” or “little-string microstates.” It is important to note that the DVV microscopic counting is
different in spirit from the Strominger-Vafa/D1-D5 counting: here the momentum is carried by N1N5 frac-
tionated strings carrying integer momenta, while in the D1-D5 CFT we have a single long effective string
with modes with momentum quantized in units of 1/N1N5. Hence, the entropy of the DVV microstates
comes from fractionating the F1 strings, while the Strominger-Vafa entropy comes from fractionating the
momentum carriers.
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Figure 1: Cross-section of N1 = 2 M2 branes splitting into strips between N5 = 3 M5
branes. The vertical axis is the M-theory direction, and the horizontal axis represents one
of the internal directions of the M5 branes, x1. The strips can carry momentum along the
y-circle, which is common to the M2 and M5 branes.

like a Callan-Maldacena spike. A key feature of these bound-states is that they preserve
8 supersymmetries, but if one zooms on a piece of the spike or of the furrow, one finds
that locally there are 16 preserved supersymmetries, as a result of the presence of extra
“dipolar” charges.

Besides the infinite M5-M2 brane furrow, one can consider more complicated bound
state of multiple M5 branes and multiple M2 strips stretching between them (like the
system in Figure 1). This will result in a complicated maze of furrows, that connect these
M5 branes. This super-maze preserves the same supersymmetries and the M5 branes and
M2 branes whose charges it carries, but if one zooms in on a piece of maze, one expects
that the supersymmetry will be locally enhanced from 8 to 16 supercharges.

Note that each of the N1N5 M2 brane strips whose pull on the M5 branes gives the
super-maze can be located at an arbitrary position inside the T 4 or K3 wrapped by the
M5 branes. Therefore, the dimension of the moduli space of super-mazes is 4N1N5. This
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Figure 2: The fractionation of M2 branes into strips and the super-maze: Before the
fractionation (left panel) the M2 brane does not interact with the M5 branes, and can
be freely taken away. After the fractionation, each strip of the M2 branes can move
independently, giving the näıve configuration in the middle panel. However, the M2
strips pull on the M5 brane, creating the super-maze depicted in the right panel.

matches, as expected, the dimension of the moduli space of the D1-D5 (F1-NS5) system
deformations that preserve rotational invariance in the transverse space [51–53]

The second step in our endeavour is to add momentum to the super-maze, in order
to construct a brane bound-state configuration that has 16 supercharges locally and that
carries the charges of a black hole with a macroscopically-large event horizon. To do this,
we will first construct the two-charge bound states formed by M2 branes and momentum,
and by M5 branes and momentum. The former is the M-theory uplift of the F1-P system,
whose solutions have been described in supergravity in [54]. The momentum is carried
by the transverse oscillations of the M2 branes and, if one zooms in near a piece of
the momentum-carrying M2 brane one finds that the supersymmetry is enhanced to 16
supercharges.

Similarly, the M5 branes can carry momentum by transverse fluctuations, that we can
restrict to be oriented only along the M-theory direction, so that the resulting solution is
spherically symmetric in the non-compact spacetime directions. This system is the uplift
of the NS5-P-D0-D4 solution found in [55]. This solution also preserves 8 supersymmetries,
but locally the supersymmetry is enhanced to 16. For both the M2-P and the M5-P
system, this is ensured by the presence of dipolar charges, which can be thought of as
the “glue” needed to construct the bound states of two-charge system. Of course, for the
M5-P system one can consider other types of glue, coming for example from 2 species
of M2 branes inside the M5-brane worldvolume. The resulting configuration is called a
magnetube, and its supergravity solution was constructed in [56,57].

The main result of this paper is to identify the ingredients needed to construct the
bound states of the NS5-F1-P Type IIA system and of its M-theory M2-M5-P uplift.
These bound states describe the DVV little strings carrying momentum in the regime
of parameters where the brane interactions are taken into account. We show that there
exists a supersymmetry projector corresponding to a brane configuration that has 16-
supersymmetries locally and 4 globally, and which describes the zooming in on a piece of
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the momentum-carrying M2-M5 maze. Besides the M2, M5 and P charges of the black
hole, this system has 6 other dipolar charges, which are necessary to form the glue that
transforms these branes into a bound state.

The entropy of the DVV little strings carrying momentum reproduces (upon taking
into account all bosonic and fermionic polarizations) the entropy of the F1-NS5-P black
hole [3], and our result shows that the microstates carrying this entropy correspond (upon
taking brane interactions into account) to a momentum-carrying super-maze whose su-
persymmetry is enhanced everywhere to 16 supercharges locally.

It is important to emphasize that the local enhancement of supersymmetry to 16 super-
charges is the hallmark of the existence in certain duality frames of smooth supergravity
solutions that result from the backreaction of these configurations and, more generally,
of the absence of event horizons. We will explain the connection between local enhance-
ment of supersymmetry and smooth horizonless solutions in more detail in Section 5.
Confirming that the entropy of this black hole comes from horizonless super-mazes would
constitute a proof of the fuzzball proposal for three-charge supersymmetric black holes in
String Theory, and we are looking forward to the construction of the fully-backreacted
solution corresponding to the brane microstates we have discovered.

Our result points towards a change of strategy in the fuzzball/microstate geometry
programme of constructing horizonless solutions dual to microstates of string-theory black
holes. Until now, the strategy of this programme has been to “blow up” the delta-function
source of the harmonic functions of the branes making up the black hole, and replace it
by an extended source in the non-compact spatial dimensions. This has resulted in a huge
plæthora of solutions [4–13,30–35,14–29], all of which break the spherical symmetry of the
black-hole horizon. However, the connection between these solutions and the microstates
that give rise to the black-hole entropy at weak coupling is difficult to establish, and has
only been worked out for superstrata, whose entropy is parametrically smaller than that
of the black hole [46,47]. Furthermore, all the known superstrata have at least one unit of
angular momentum in one of the non-compact angular directions in which supersymmetric
black holes cannot rotate4.

Our work points out a new route for constructing microstate geometries that solves
these two challenges at the same time: the momentum-carrying super-maze preserves the
same spacetime spherical symmetry as the black-hole solution, and it is directly connected
to DVV fractionated strings that give rise to the entropy of the F1-NS5-P black-hole in
Type IIA String Theory. Furthermore, as we will explain in Section 5 the fact that locally
the supersymmetry is enhanced to 16 supersymmetries indicates that the fully-backreacted
super-mazes will give rise to smooth horizonless black hole microstate geometries, and will
not have an event horizon.

In Section 2 we review the construction of two-charge bound states and the role of

4The five-dimensional supersymmetric three-charge black holes can have finite JL, but their JR must
be zero. In contrast superstrata always have JR 6= 0.
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branes that act as “glue” and transform singular configurations of branes into bound
states preserving locally 16 supercharges. In Section 3 we describe the construction of the
new three-charge bound state, which preserves 16 supercharges locally and is a piece of
the super-maze coming from the backreaction of DVV black-hole microstates. In Section
4 we explain the link between the projector and the local orientation of the branes that
make up the super-maze, and confirm our construction by showing that the energy of
the super-maze saturates the BPS bound. In Section 5 we discuss the relation between
smooth horizonless supergravity solutions and brane configurations preserving locally 16
supercharges, and argue that the backreaction of the super-maze will give rise to bubbling
horizonless solutions. In Appendix 1 we collect the projectors corresponding to branes,
strings, KK Monopoles and momentum in String and M Theory.

Note on nomenclature: Throughout this paper we will refer to two- and three-
charge systems as systems of two or three sets of branes that preserve 8 respectively 4
common supersymmetries and that exert no force on each other. Thus, a system of D5
branes and parallel D1 branes can be properly called a two-charge system, but a system
of D3 branes and parallel D1 branes is not: the D1 branes are attracted to the D3 branes
and form a bound state that has 16 supercharges everywhere and is T-dual to a single
oblique stack of parallel D2 branes. Similarly a D7 brane and a parallel D1 brane do not
constitute a two-charge system, because the D1 branes run away from the D7 branes.

2 Making two-charge bound states out of strings and

branes

The vacuum of Type II String Theory preserves 32 supersymmetries. Adding excitations
such as strings or branes decreases the number of preserved supersymmetries. Indeed,
one can derive using the BPS equations that the presence of branes imposes a constraint
on the Killing spinor ε:

P ε = − ε , or equivalently Π ε ≡ 1

2
(1 + P ) ε = 0 , (2.1)

where P is a traceless involution (P 2 = 1), typically a product of gamma matrices, that
depend on the exact type and orientation of the object considered. Thus Π is a projector,
verifying Π2 = Π. A list of the involutions corresponding to branes, strings, solitons and
momentum waves is given in Appendix A. The constraint (2.1) divides the number of
preserved global supersymmetries by two.

If one considers configurations with several types of branes whose supersymmetries
are compatible, the constraints add up. For example, for a two-charge system, the Killing
spinor must respect

Π1 ε = 0 , and Π2 ε = 0 . (2.2)

In other words, the Killing spinor must lie in the intersection of the kernels of Π1 and Π2.
The dimension of this intersection is the number of preserved global supersymmetries (8).
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The number of states of a two-charge system is however much larger than one can
surmise by considering the individual motion of its component branes. Indeed, the branes
can form bound states5, which contain more fields than those of the näıve multi-brane
solution. These fields can be thought of as coming from the dipolar branes that act as the
“glue” needed to form the bound state, and which also give rise to a local enhancement
of the number of preserved supersymmetries to 16.

For a general bound state, the Killing spinor satisfies

Π̂ ε ≡ 1

2
(1 + α1P1 + · · ·+ αnPn) ε = 0 , (2.3)

where Pi are the traceless involutions associated to the branes whose charges the bound
state has and where, for each species of brane, i, the coefficient αi is the ratio between the
charge density corresponding to this brane, Qi,

6 and the mass density of the full bound
state, M :

αi ≡
Qi

M
. (2.4)

Hence, the projector can be written as

Π̂ ≡ 1

2M
(M +Q1P1 + · · ·+QnPn) , (2.5)

The number of preserved supersymmetries is now the dimension of the kernel of Π̂.
This operator is in general not a projector, but when it is, the configuration preserves 16
global supersymmetries.

It is thus possible to reveal the extra dipole charges needed to construct the bound
states of a two- or three-charge system by finding involutions corresponding to suitable
branes and tuning their charges to make Π̂ a projector. For a given bound state, the
solution for αi is often not unique: There often exists a whole moduli space of values of
the charges that make Π̂ a projector. One can then imagine varying these charge densities
along the internal dimensions of the bound state, so that the constraint becomes:

Π̂(~x) ε(~x) ≡ 1

2

[
1 + α1(~x)P1 + · · ·+ αn(~x)Pn

]
ε(~x) = 0 , (2.6)

where ~x denotes the internal dimensions of the bound state. Doing so, the number of local
preserved supersymmetries is still 16. However, the number of global supersymmetries can
be much less: it is the dimension of the common kernel to the projectors at all possible
values of ~x. The global Killing spinor does not depend on the position ~x, and it must
satisfy

∀ ~x , Π̂(~x) ε = 0 , (2.7)

5In the D0-D4 system for example, the individual motion of the branes corresponds to the Coulomb
branch, where the branes do not form a bound state. However, the large degeneracy of the system comes
from the Higgs branch, which describes bound states of D0 branes inside the D4 branes.

6Note that the dependence in the string coupling, gs, enters in the Qi’s.
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where ε must be constant.

A common way to ensure that at least some amount of supersymmetry is preserved
globally is to rewrite the projectors as

Π̂(~x) = f1(~x)Π1 + · · ·+ fk(~x)Πk (2.8)

where Π1, . . . ,Πk are commuting projectors, and f1, . . . , fk can be any matrix-valued
functions. Then, satisfying (2.7) is equivalent to

Π1 ε = . . . = Πk ε = 0 , (2.9)

so the number of preserved global supersymmetries is the dimension of the intersection
of the kernels of Π1, . . . ,Πk.

When constructing bound states, one typically starts with the set of global charges
and their projectors, Π1, . . . ,Πk. Combining (2.6) with (2.8) then leads to constraints on
the charges of each constituent, Qi, and hence on αi.

The distinction between local and global supersymmetries is important, and is at the
core of the results of this paper. As we explained in the Introduction, by constructing
two- and three-charge bound states preserving 16 local supersymmetries, we ensure that
we construct microstates of these two- or three-charge systems and that furthermore their
backreaction will not give rise to an event horizon.

This bound-state making philosophy was first used to conjecture the existence of su-
perstrata [58], but the method presented here is a generalisation of that of [58], where an
orthogonal momentum, P(ψ), was imposed to be one of the dipoles. In the following Sub-
section, we will first illustrate the bound-state making philosophy with several examples
of two-charge bound states.

2.1 The F1-P bound state

Consider an F1-P system where the strings wrap a compact direction, y, and momentum
is also along y direction. The involutions and projectors associated to them are (see
Appendix A):

PF1(y) = Γ0yσ3 , ΠF1(y) =
1

2
(1 + PF1(y)) ,

PP(y) = Γ0y , ΠP(y) =
1

2
(1 + PP(y)) .

(2.10)

When the F1 and P do not form a bound state, the constraints on the Killing spinor
add up

ΠF1(y)ε = ΠP(y)ε = 0 . (2.11)

and the system preserves 8 supersymmetries everywhere.

It is possible to form a bound state possessing the same global charges as this system,
but preserving locally 16 supersymmetries. In order to do so, one needs to add dipolar
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transverse strings and momentum which we choose to be along a single transverse direc-
tion inside the T 4, that we call x1 (more complicated choices are also possible but not
illustrative for our purpose here):

PF1(1) = Γ01σ3 , ΠF1(1) =
1

2
(1 + PF1(1)) ,

PP(1) = Γ01 , ΠP(1) =
1

2
(1 + PP(1)) .

(2.12)

The objective is to construct a local projector, ΠF1-P bound, that can be written in two
ways:

ΠF1-P bound =
1

2

(
1 + α1PF1(y) + α2PP(y) + α3PF1(1) + α4PP(1)

)
(2.13)

= f1ΠF1(y) + f2ΠP(y) (2.14)

where α1, . . . , α4 are real numbers, and f1, f2 are matrices.

The equation Π2
F1-P bound = ΠF1-P bound first leads to

α2
1 + α2

2 + α2
3 + α2

4 = 1 , α1α4 + α2α3 = 0 , (2.15)

while equalizing (2.13) and (2.14) leads to

α3 + α4 = 0 , α1 + α2 = 1 ,

f1 = α1 − α4Γy1σ3 , f2 = α2 − α3Γy1σ3 .
(2.16)

The solution given here for f1 and f2 is not unique.

Solving these equations is straightforward, the solution depends on the choice of an
arbitrary angle, θ:

ΠF1-P bound =
1

2

[
1 + c2PF1(y) + s2PP(y) + csPF1(1) − csPP(1)

]
= c

(
c+ sΓy1σ3

)
ΠF1(y) + s

(
s− cΓy1σ3

)
ΠP(y) ,

(2.17)

where c ≡ cos θ and s ≡ sin θ.

Geometrically, the angle θ corresponds to the inclination of the string in the (y, x1)
plane. If θ is constant, the configuration is a straight string tilted in the (y, x1)-plane,
with transverse momentum. This transversely boosted F1 string preserves 16 supersym-
metries.7 In the limit θ = 0, this is a pure F1 string along y, and when θ = π/2 this is a
pure momentum wave along y.

One can bend the string by allowing θ to vary along it. The resulting configuration
still preserves 16 supersymmetries locally, but only 8 globally.

7For an illustration, see Figure 2 and Figure 3 in [55].
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2.2 The NS5-P bound state

The same exercise can be done for the NS5-P system in type IIA. We start with NS5 branes
extending along the directions y, x1, . . . , x4, and momentum along y. The involutions
associated to them are:

PNS5(y1234) = Γ0y1234 , PP(y) = Γ0y . (2.18)

Once again, if these constituents do not form a bound state the configuration preserves
8 supersymmetries. They can also form bound states that preserve locally 16 supersym-
metries. Contrary to the fundamental string, the NS5-brane does not need to bend in
the transverse directions to carry momentum. To make the bound state, one possibil-
ity is to use internal dipolar D4-branes (extending along the directions x1, . . . , x4) and
D0-branes [55]:

PD4(1234) = Γ01234iσ2 , PD0 = Γ0iσ2 . (2.19)

Note that this is not the only possible choice of dipoles. We can also form an F1-NS5
bound state by adding as “glue” two orthogonal sets of D2 branes. This system can be
obtained from the one we have by two T-dualities along the NS5 internal directions that
are not wrapped by the F1 strings. Its M-theory uplift is know as the magnetube [57,56].

Another possibility to construct bound states with P and NS5 charges is to put a
momentum-carrying transverse wave on the NS5 brane. This configuration can easily be
obtained by dualizing the F1 strings with a transverse momentum wave described above
and its “glue” consists of a dipolar NS5 charge and angular momentum. This solution
breaks the spherical symmetry of the black-hole solution. Since in this paper we are
interested in constructing bound states that respect this spherical symmetry and can
describe locally the backreaction of the DVV microstates, we will describe in detail the
brane bound states created using D0-D4 glue.

One needs to construct a projector satisfying

ΠNS5-P bound =
1

2

(
1 + α1PNS5(y1234) + α2PP(y) + α3PD0 + α4PD4(1234)

)
(2.20)

= f1ΠNS5(y1234) + f2ΠP(y) (2.21)

as well as the usual condition on projectors Π2
NS5-P bound = ΠNS5-P bound, for some real

numbers α1, . . . , α4 and matrices f1, f2.8

The solution to this system is:

ΠNS5-P bound =
1

2

[
1 + c2PNS5(y1234) + s2PP(y) + csPD0 − csPD4(1234)

]
= c(c+ sΓyiσ2)ΠNS5(y1234) + s(s− cΓyiσ2)ΠP(y) ,

(2.22)

where again c ≡ cos θ and s ≡ sin θ.

8It is not necessary to do this computation again. One can find the result by dualizing the F1-P
system (if the directions are not compact, a T-duality can be seen as a solution-generating technique
rather than a proper duality). The duality chain is T1 − S − T1234 − S − T1.
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2.3 The NS5-F1 bound state

One can form an NS5-F1 bound state in type IIA using a similar procedure. Consider an
NS5-F1 system where the NS5 extends along the directions y, x1, . . . , x4, and the string
is along y. The involutions associated to them are

PNS5(y1234) = Γ0y1234 , PF1(y) = Γ0yσ3 . (2.23)

The bound state can be obtained from the NS5-P system by performing two T-dualities
along the directions y and x1. Again, the choice of x1 among the four torus directions is
at this point arbitrary.

The dipole charges needed to form it are D4-branes extending along the directions
y, x2 . . . , x4, and D2-branes along the direction y and x1:

PD4(y234) = Γ0y234iσ2 , PD2(y1) = Γ0y1σ1 . (2.24)

The projector of this bound state is

ΠNS5-F1 bound =
1

2

[
1 + c2PNS5(y1234) + s2PF1(y) + csPD2(y1) + csPD4(y234)

]
= c

(
c+ sΓ1iσ2

)
ΠNS5(y1234) + s

(
s− cΓ1iσ2

)
ΠF1(y) .

(2.25)

where again c ≡ cos θ and s ≡ sin θ, and the angle θ is a function of the coordinates
y, x1, . . . , x4.

y

M5-M2 (y, z, x1)

x1

z

Figure 3: The backreaction of the M5-M2 bound state, projected onto the space (y, x1, z).
The M2-branes pull the M5-branes, forming a furrow. The mechanism is similar to the
formation of a Callan-Madacena spike in the D3-F1 brane system.
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The angle θ and the form of the projector have a clear geometric interpretation for the
F1-P bound state (as the tilt of the string). For the NS5-F1 bound state, the interpretation
is more complicated: one needs first to uplift the configuration to M-theory. The projector
is then given by:

ΠM5−M2 =
1

2

[
1 + c2PM5(y1234) + s2PM2(y z) − csPM5(y234 z) + csPM2(y1)

]
. (2.26)

The brane system then consists of M5-branes and M2-branes sharing one common
direction, y. The M2-branes are also extended along the M-theory circle, denoted by z.
It is easy to see that M2 branes terminating on the M5 branes will pull them along the
(previously orthogonal) M-theory direction. This mechanism is similar to the formation
of a Callan-Maldacena spike (see Fig. 3). At each location on the M5-brane, the angle
θ corresponds to the tilt of the brane in the z direction. Of course, for a generic spike,
the pull of the M2 brane will affect all the 4 directions of the NS5 brane, (x1, x2, x3, x4),
and the spike will be described by a complicated function of all these four variables. To
obtain the bound state depicted in Figure (3), corresponding to the projector (2.25), we
can either smear the M2 branes along the directions (x2, x3, x4) or one can zoom in at a
location of the spike where the tangent to the spike is orthogonal to x1.

Another (more familiar) possibility to construct bound states with F1 and NS5 charges
is to add a dipolar KKM charge (extending in the space transverse to the NS5 worldvolume
and with the special direction along the F1-NS5 common direction) as well as angular
momentum, J. This gives rise to a F1-NS5 supertube with KKM-J dipole charge, and
its supergravity solution is the S-dual of the well-known Lunin-Mathur geometry [59,60].
Much like its better known supertube cousins [61, 62], the KKM can wrap an arbitrary
curve in the four dimensions transverse to the NS5 branes, and the solution preserves
8 supercharges. As reviewed in [58], when one zooms near the supertube profile this
configuration preserves locally 16 supercharges and this enhancement of supersymmetry
comes from the presence of the KKM and angular-momentum “glue”, and is equivalent
to the fact that the supergravity solution corresponding to the F1-NS5-KKM-J supertube
is smooth [63].

Starting from this two-charge bound state one can also add momentum, and build
three-charge superstrata: bound states that have the same charges as an F1-NS5-P black
hole and give rise to a smooth supergravity solution [14]. However, since our purpose in
this paper is to build three-charge brane bound states that have the same charges as a
black hole but that do not break the rotational symmetry of the black-hole horizon, we
will not use the “KKM-angular momentum glue”, and focus instead on the “D4-D2 glue”.

2.4 The relation between the M5-M2 furrow and the Callan-
Maldacena spike

There are two ways to relate the M2-M5 furrow whose Type-IIA reduction gives rise to
the NS5-F1 bound state to the better known F-string and D-string spikes constructed in
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the D3 brane worldvolume by Callan and Maldacena [50,64].

The first is to start with a D4-brane in the directions 1234, and an F1-string along
the direction y, ending on the D4-brane. This picture is valid when gs � 1. As one
increases gs or the number of F1 strings, these strings pull on the D4 brane and give rise
to a spike. Much like the D3-F1 spike, this D4-F1 spike can be constructed as a solution
to the D4-brane DBI action.

The M5-M2 bound state we consider is dual to the D4-F1 spike, after 11-dimensional
uplift along z, and a flip in the coordinates (y, z):(

D4(x1x2x3x4)

F1(y)

)
IIA

uplift on z−−−−−−−→

(
M5(z, x1x2x3x4)

M2(z, y)

)
M

(z,y)-flip−−−−−−→

(
M5(y, x1x2x3x4)

M2(y, z)

)
M

.

(2.27)

Another way to obtain an M2-M5 furrow – but this time smeared over one of the
internal directions – is to construct the furrow corresponding to a D2 along the directions
0, y, z that ends on a D4 brane extended along 0, y, 1, 2, 3. From the perspective of the
D4 brane DBI action, this smeared furrow has exactly the same solution as a D1-D3
spike [64]. This furrow can also be constructed using the non-Abelian DBI action of the
D2 brane; the D2 non-commuting worldvolume fields are the same as the D6 brane fields
describing a D6 brane ending on a D8 brane [65]. Upon uplifting the D2-D4 furrow to
11 dimensions, one obtains a solution smeared along this direction, which is precisely the
same as an M2-M5 furrow smeared along one of the M5-brane worldvolume directions:

(
D3(x1x2x3)

D1(z)

)
IIB

Ty−−→

(
D4(y, x1x2x3)

D2(y, z)

)
IIA

uplift on x4−−−−−−−−→

(
M5(y, x1x2x3x̃4)

M2(y, z)

)
M

. (2.28)

3 The three-charge NS5-F1-P bound state

This section is devoted to the construction of the bound states of the three-charge system.
As explained in the Introduction, we expect the bound state to have both the three charges
of the NS5-F1-P system, but also several dipolar charges, which constitute the glue needed
to construct a bound state that has locally 16 supercharges.

3.1 Constructing the projector

We consider the Type IIA three-charge system with NS5-branes extending along the
directions y, x1, . . . , x4, as well as F1 strings and momentum along the direction y. The
involutions that enter in the construction of their corresponding projectors are:

PNS5(y1234) = Γ0y1234 , PF1(y) = Γ0yσ3 , PP(y) = Γ0y . (3.1)

14



In order to form a bound state, one needs to find the dipole charges that bind these
branes into a configuration with 16 supersymmetries locally. In Section 2 we explained how
to construct two-charge bound states for the F1-P, NS5-F1 and NS5-P systems: For each
system, we found several pairs of dipole charges acting as a glue between the constituents
to form bound states. However, upon demanding that these bound states preserve the
rotational invariance of the black-hole horizon, only a limited choice of dipole-brane glue
remained. The intuitive first attempt at constructing the NS5-F1-P three-charge bound
state is to add all the six dipole charges that enter in the construction of the rotationally-
invariant two-charge bound states (summarized in Table 1), and to try to construct a
projector. We can easily find that this only works if the dipole charges of the F1-P bound
state are oriented along the same direction, x1, as the dipole charges of the NS5-F1 bound
state.

NS5(y1234) F1(y) P(y) D4(y234) D2(y1) D4(1234) D0 F(1) P(1)⊗ ⊗
× ×⊗ ⊗

× ×⊗ ⊗
× ×

Table 1: Each line describes a two-charge bound state whose charges are two of the three
charges of the NS5-F1-P brane systems (denoted by

⊗
). Each bound state contains two

more dipole charges, denoted by ×. We attempt to construct a three-charge bound state
with NS5-F1-P and all six dipole charges.

Constructing the projector for this bound state follows the same rules as for the two-
charge systems. One needs to determine the local charges, αi, and the matrices, fj, such
that the expression:

ΠNS5-F1-P bound =
1

2

[
1 + α1PNS5(y1234) + α2PF1(y) + α3PP(y) + α4PD4(y234)

+ α5PD2(y1) + α6PP(1) + α7PF1(1) + α8PD4(1234) + α9PD0

]
.

(3.2)

= f1ΠNS5(y1234) + f2ΠF1(y) + f3ΠP(y) , (3.3)

is a projector (Π2
NS5-F1-P bound = ΠNS5-F1-P bound) and moreover, as the second line illus-

trates, is compatible everywhere with the supersymmetries of the NS5-F1-P system.

From (3.2) and (3.3) we find:

α1 + α2 + α3 = 1 , α4 − α5 = 0 , α6 + α7 = 0 , α8 + α9 = 0 ,

f1 = α1 + α4 Γ1iσ2 − α8 Γyiσ2 ,

f2 = α2 − α5 Γ1iσ2 − α6 Γy1σ3 ,

f3 = α3 − α9 Γyiσ2 − α7 Γy1σ3 .

(3.4)
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Here again the values of the functions fj are not unique. The equation Π2
NS5-F1-P bound =

ΠNS5-F1-P bound leads to:

9∑
i=1

α2
i = 1 , (3.5)

α2α3 + α6α7 = 0 , α3α5 + α7α9 = 0 , α2α9 − α5α6 = 0 , (3.6)

α3α4 + α6α8 = 0 , α1α3 + α8α9 = 0 , α1α2 − α4α5 = 0 , (3.7)

α1α6 − α4α9 = 0 , α1α7 − α5α8 = 0 , α2α8 − α4α7 = 0 . (3.8)

The solutions to this system can be expressed in terms of three real numbers (a, b, c)
satisfying a2 + b2 + c2 = 1:

α1 = a2 , α2 = b2 , α3 = c2 , (3.9a)

α4 = ab , α5 = ab , α6 = bc , (3.9b)

α7 = − bc , α8 = − ac , α9 = ac . (3.9c)

Then the projector is:

ΠNS5-F1-P bound =
1

2

[
1 + a2PNS5(y1234) + b2PF1(y) + c2PP(y) + ab

(
PD4(y234) + PD2(y1)

)
+ bc

(
PP(1) − PF1(1)

)
− ac

(
PD4(1234) − PD0

)]
.

(3.10)

This projector preserves locally 16 supersymmetries. We now allows the parameters
a, b, c to be functions of the coordinates y, x1, . . . , x4, z. The supersymmetries rotate, but
the projector still preserves the 4 global supercharges of the NS5-F1-P brane system:

ΠNS5-F1-P bound = a (a+ bΓ1iσ2 + cΓyiσ2) ΠNS5(y1234)

+ b (b− aΓ1iσ2 − cΓy1σ3) ΠF1(y)

+ c (c− aΓyiσ2 + bΓy1σ3) ΠP(y) .

(3.11)

We represent the relative densities of the branes whose charges enter in this projector in
Figure 4.

Of course, in order for the projector (3.10) to correspond to a physical brane configu-
ration the densities of branes wrapping a certain direction should not be functions of this
direction. Since these densities are related to the coefficients in the projector via equation
(2.4) this puts certain constraints on the parameters a, b and c. These constraints will be
further explained in Section 4.

3.2 The M5-M2-P triality

It is also possible to uplift the three-charge bound state to M-theory, and argue that it is
related to the local structure of DVV black-hole microstates.
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NS5(y1234) D4(y234) D2(y1) F1(y)

P(y)

D4(1234)

D0 P(1)

F1(1)

a2 b2

c2

a b

a c b c

Figure 4: Schematic representation of the three-charge NS5-F1-P bound state. The nodes
represent the three charges of the bound state. Every combination of two nodes and the
orange line joining them corresponds to a two-charge bound state, and the dipole charges
and their coefficients in the projector are indicated next to the line.

The charges and dipole charges of the bound state have a clear M-theory origin. For
simplicity we can rename the M-theory direction x11 ≡ z. As we explained in Section 2.3,
the two-charge bound state of F1 strings and NS5 branes can be interpreted in M-theory
as the near-brane limit of the furrow created by the backreaction of M2 branes that end on
M5 branes. From the perspective of the M5 brane worldvolume theory, this furrow can be
constructed similarly to the Callan-Maldacena spike describing the F1 strings terminating
on D3 branes.

From the M-theory perspective, the dipole branes which form the glue of the M2-
M5-P bound state are also M2 and M5 branes and momentum, oriented differently. The
NS5-brane along (y1234) becomes an M5 brane along the same directions, and the F1
string along (y) becomes an M2 brane along (y, z). The gluing dipole branes correspond
to M5 branes along (1234z) and along (y234z), M2 branes along (y1) and along (1z), and
momentum along 1 and along z. Figure 5 reveals this triality.
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M5(y1234) M5(y234z) M2(y1) M2(yz)

P(y)

M5(1234z)

P(z) P(1)

M2(1z)

a2 b2

c2

a b

a c b c

Figure 5: The M-theory uplift of the NS5-F1-P bound state. The nodes represent the
three charges of the bound state. Every combination of two nodes and the orange line
joining them corresponds to a two-charge bound state, and the dipole charges and their
coefficients in the projector are indicated next to the line.

In terms of M-theory ingredients, the projector is written as:

ΠNS5−F1−P =
1

2

[
1 + aP̂M5 + bP̂M2 + cP̂P

]
, (3.12)

where

P̂M5 ≡ aPM5(y1234) − bPM5(y234 z) + cPM5(1234 z) , (3.13)

P̂M2 ≡ aPM2(y1) + bPM2(y z) − cPM2(1 z) , (3.14)

P̂P ≡ −aPP(z) + bPP(1) + cPP(y) , (3.15)

and the brane involutions are all of the following form:

PM5(y1234) = Γ0y1234 (3.16)

PM2(y1) = Γ0y1 (3.17)

PP(z) = Γ0 z . (3.18)
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4 The Brane Content of the Super-Maze

Equations (3.13), (3.14) and (3.15), together with Figure 5, reveal to us the microscopic
physics of the M-theory super-maze. As we explained in Section 2.3, to understand the
local physics of the super-maze surface it is best to work in the (y, 1, z) space, in which
both the M5 branes and the M2 branes wrap nontrivial two-surfaces, and 1 denotes a torus
direction orthogonal to the original M2 brane. One can see for example that equation
(3.13) implies that at every location along the super-maze, the local M5 charge density in
the (y, 1) direction (proportional to the projection of the surface of the super-maze along
the (y, 1)-plane) is equal to a times the mass density of the full configuration. We recall
that the parameters a, b, c have been promoted to functions of the position on the brane
bound state. One can also see that equation (3.14) implies that the local M2 charge in the
direction (y, z) (again proportional to the projection of the M2 charge of the super-maze
in the (y, z)-plane) is equal to b times the mass density.9

We can span the (y, 1, z) space using orthonormal vectors (uy, u1, uz). Let u⊥M5 be the
unit vector orthogonal to the two-dimensional M5-brane surface in the (y, 1, z) space. Let
u⊥M2 be its equivalent for the M2-brane, and uP the unit vector along the direction of the
momentum P. Then, by choosing the orientation signs appropriately, one can show that
the equations (3.13), (3.14) and (3.15) imply successively

a = u⊥M5 · uz , b = u⊥M5 · u1 , c = u⊥M5 · uy , (4.1)

a = u⊥M2 · uz , b = u⊥M2 · u1 , c = u⊥M2 · uy , (4.2)

a = uP · uz , b = uP · u1 , c = uP · uy . (4.3)

Hence, these equations simply imply that:

u⊥M5 = u⊥M2 = uP . (4.4)

Thus, even though the super-maze has several M5 and M2 local charges pointing in
different directions, when one zooms in on any particular location one finds a tilted M5
brane with parallel M2 charge dissolved in it and orthogonal momentum, which is a con-
figuration preserving 16 supercharges. Of course, these 16 supercharges vary as one moves
to a different location of the super-maze, and only 4 of them remain unchanged - the su-
percharges corresponding to the F1-NS5-P system whose microstates we are constructing.

Our projector also makes it clear how the energy density of the super-maze is dis-
tributed among its constituents. Before adding momentum (c = 0), we have a static
y-independent maze, that contains M5 and M2 branes wrapping y. If one concentrates
on a single furrow in the maze, the surface can de described by an equation z = f(x1).
One can then parametrize a and b by an angle, β, that depends on x1:

a = cos β , b = sin β . (4.5)

9Strictly speaking, the value is ±b , where the choice of ± depends on which one of the two unit
vectors orthogonal to the M5-brane surface we choose.
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This angle β corresponds locally to the bending of the surface of the momentum-less maze
in the (y, z) plane: tan β = f ′(x1).

We can now compute the energy density of the momentum-less maze from its M5- and
M2-brane constituent charges. Using (2.4), one finds

QM5
(y1234) = M cos2 β , QM5

(y234z) = −M cos β sin β , (4.6)

QM2
(y1) = M cos β sin β , QM2

(yz) = M sin2 β , (4.7)

where M is the mass density. As usual, the square of the energy density is equal to the
sum of the squares of all the charges

M2 =
∑
I

(QI)
2 . (4.8)

However, since the ratio of the M5 and M2 charges is the same as the angle of the furrow,
the mass simplifies to the usual BPS mass of a two-charge system:

M = QM5
(y1234) +QM2

(yz) . (4.9)

If one now adds momentum, the super-maze oscillates along y. The furrow can now
be described by a generic function of two variables (see Figure 6.), and the bending angle,
β, can also become y-dependent.

Moreover. we also need to introduce an additional “wiggling” angle, α, corresponding
to the slope of the furrow waves carrying momentum along the y direction. This angle
can also depend on both y and x1. The parameters a, b and c can now be expressed in
terms of these angles as

a = cosα cos β = cαcβ , b = cosα sin β = cαsβ , c = sinα = sα . (4.10)

The energy density of the momentum-carrying furrow is distributed between the branes
and the momentum:

QM5
(y1234) = Mc2

αc
2
β , QM5

(y234z) = −Mc2
αcβsβ , QM5

(1234z) = Mcαsαcβ , (4.11)

QM2
(y1) = Mc2

αcβsβ , QM2
(yz) = Mc2

αs
2
β , QM2

(1z) = −Mcαsαsβ , (4.12)

QP
(1) = −Mcαsαsβ , QP

(z) = Mcαsαcβ , QP
(y) = Ms2

α , (4.13)

and once again, this leads to the BPS condition for the three-charge system

M = QM5
(y1234) +QM2

(yz) +QP
y . (4.14)

Note that as one moves in the (y, 1) plane, the projection of the M5 charge in this
plane remains constant. Indeed, the original five-brane wraps the y, 1 plane, and its charge
density cannot therefore depend on y or x1. This appears to be in conflict with equation
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(4.11), but we have to realize that M is the mass density of the furrow in the (y, 1) plane,
which changes as one moves along the furrow. Hence, QM5

(y1234) is independent on α and
β, but M depends on them:

M(y, x1) =
QM5

(y1234)

cos2 α(y, x1) cos2 β(y, x1)
. (4.15)

(y, z)

(y, x1)

M5-M2-P (y, z, x1)

z
y

x1

Figure 6: Wiggling half-furrow.

5 In lieu of a Conclusion:

Some thoughts on Super-Maze backreaction

One key question about the super-maze we discovered is whether it gives rise to a hori-
zonless and possibly smooth solution in the regime of parameters where the classical
black-hole solution exists. Näıvely one may argue that, since the super-maze contains
N1N5 M2 brane strips crammed into a very small torus, its backreaction will give rise to
a solution whose curvature is too large to be reliably described by supergravity. However,
this intuition fails to take into account the fact that when branes backreact they can blow
up the size of the transverse spacetime.

The key feature of the super-maze that makes us confident that its backreaction will be
smooth and horizonless is the local enhancement of the supersymmetry to 16 supercharges.
This is the smoking gun of the construction of the brane bound states that account for
the entropy of the two-charge system. This is perhaps best known from the physics of
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supertubes [61,62]: A supertube can have arbitrary shape and, if one zooms in at a certain
location along this shape, one finds a brane system that preserves 16 supersymmetries.
Moreover, as one moves along the supertube these supersymmetries rotate, and only a
subset of 8 of them is preserved by the full configuration. When the supertube is dualized
to the D1-D5 (or F1-NS5) duality frame and its two charges correspond to D1 and D5
(or F1 and NS5) branes [59, 60], the presence of 16 supercharges locally is equivalent to
the existence of a smooth horizonless supergravity solution [63]. Another examples of
a two-charge brane bound states is the F1 string carrying longitudinal momentum [54],
reviewed in Section 2. This solution has again 8 supercharges, but if one zooms in near
the location of the momentum-carrying string one finds a solution with 16 supercharges.
These supercharges rotate as one moves along the string profile, and only 8 of them
remain invariant and are preserved by the whole configuration. A similar bound state can
be made from any brane carrying longitudinal momentum.

A third, slightly less known illustration of a two-charge bound state that has 16 su-
percharges locally is the magnetube, which has again two charges, corresponding to an
M5 brane and longitudinal momentum, which are bound together by the presence of M2
brane dipole charges [57, 56]. Finally, a fourth illustration of this phenomenon is the
NS5-P bound state recently constructed in [55], where the supersymmetry is enhanced
locally to 16 supercharges because of the presence of dipolar D0 and D4 charges on the
NS5 worldvolume.

There also exist brane configurations that have the same charges as those of a three-
charge black hole, and again have 16 supercharges locally and only 4 globally. When the
brane configurations correspond to multi-center solutions [66] whose centers are fluxed D6
branes (which preserve locally 16 supercharges), the solutions uplift [67] to the smooth
horizonless bubbling solutions in eleven dimensions constructed in [5, 6]. Another three-
charge brane configuration that has locally 16 supercharges is the superstratum conjec-
tured in [58], which served as inspiration for the building of superstratum supergravity
solutions [14].

Note that in all these systems, in the absence of the dipolar branes providing the
“glue” and in the absence of the local enhancement of the supersymmetry to 16 super-
charges, one obtains singular solutions or solutions with a horizon, which do not describe
microscopic degrees of freedom of these systems, but rather ensemble averages. Thus the
local enhancement of the supersymmetry is the key indication that the backreaction of
the brane bound state will result in a horizonless solution that describes a pure state of
the system.

It is important to remark that the local enhancement of supersymmetry and the ab-
sence of a horizon are duality-frame-invariant phenomena. Of course, in some duality
frames a smooth solution can become a singular solution, but a solution with an event
horizon can never be dualized to a solution without one [68] and viceversa.

One can also speculate on how the supergravity solution corresponding to a super-
maze may look. In Figure 7 we illustrate the shape of a super-maze corresponding to two
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M5 branes extending along x1 and a single fractionated M2 brane extended along z (the
M-Theory direction) and smeared over three of the M5-brane worldvolume directions,
x234. Before the fractionation, the M2 brane does not pull on the M5 branes; this is
depicted in the left panel. Once the M2 brane gets fractionated, its components start
pulling on the M5 brane. However, since the M2 brane strips have been smeared along
x234, they end on a codimension-one surface inside the M5 branes. Therefore, the pull of
a fractionated M2 brane does not give rise to a spike, but rather to a wedge.10

As one can see from the middle panel of Figure 7, when the distance between the two
M5 branes is large, the configuration consists of several M5 branes wedges with dissolved
M2 charge, pulled by M2 branes extended along z. However, the bent M5 branes can move
freely along the z direction, and when two opposite M5 wedges become close they can
transform into the brane web depicted in the right panel, which contains also un-fluxed
coincident M5 branes. In general, a more complicated super-maze smeared over three of
the M5-brane worldvolume directions will correspond to a brane web in the (x1, z)-plane
which has the all the three ingredients of the web in the right panel of Figure 7.

If the M2 branes are not smeared, the resulting maze does not have any “bare” M2
lines, but will be everywhere a fluxed M5 brane.11 One can then ask how the supergravity
solution corresponding to this M5 super-maze will look. First, the M5 branes source a
magnetic four-form whose flux on a four-sphere is constant. When the M5 branes backre-
act, there will be a geometric transition: this four-sphere becomes large and topologically
nontrivial, while the nontrivial maze surface wrapped by the M5 branes will shrink to
zero size. Thus, the maze of M5 branes will transform into a maze of bubbles with fluxes.

As we have discussed in the Introduction, the existence of super-mazes and the pos-
sibility that their supergravity solution might be smooth, represents a paradigm shift
for the microstate geometry programme and for the fuzzball conjecture in general. The
starting point of this conjecture is the idea that collapsing matter do not form horizons in
nature, but rather transition into horizonless “fuzzball” solutions of string theory. Stan-
dard black holes are then seen as average descriptions of the space of microstates that
the stringy fuzzball matter can reach. One also expects on general grounds that some of
these fuzzball solutions will have a classical limit, and will be describable purely using
low-energy supergravity, as microstate geometries.

Despite the extraordinary success of the microstate geometry programme, the entropy
of the solutions constructed so far, of order

√
N1N5N

1/4
P is parametrically smaller than

the entropy of the three-charge black hole,
√
N1N5NP . Furthermore, all the solutions that

have been constructed break the spacetime spherical symmetry of the black-hole horizon,

10Remember that the Callan-Maldacena spike corresponds to a string ending on a codimension-three
defect inside the D3 brane, and the profile of the pulled D3 brane is similar to the harmonic function in
three dimensions, 1/r. Here, the M2 branes end on a codimension-one defect, so the profile of the pulled
M5 brane has the shape of the harmonic function in one dimension, |x1|, and looks like a wedge.

11Even when the M2 branes are smeared, one can argue that because the distance between the M5
branes on the M-theory circle is small, the maze components will be mostly fluxed and unfluxed M5
branes.
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M5-M2
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M5-M2
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Figure 7: A super-maze made of 2 M5 branes and a single M2 brane which is smeared along
three of the M5 brane worldvolume directions. Before the fractionation the M2 brane does
not pull on the M5 branes, and can be freely taken away. After the fractionation (middle
panel), each strip of the M2 branes deforms the M5 brane in its vicinity. As the branes
move, the web depicted in the middle panel can also transform in the web depicted in the
right panel, which has regions of coincident un-fluxed M5 branes.

while we expect
√

5/6 of the black hole entropy to come from configurations that do not
break this symmetry [53].12

The super-maze promises to solve both these problems at the same time. On one
hand, we have constructed the super-maze using the types of “glue” that preserve the
rotational invariance of the black hole. Furthermore, the DVV microstates that we have
argued to backreact into super-maze configuration correspond to momentum carriers that
are purely bosonic. Hence, we expect the super-maze and its corresponding supergravity

solutions to have an entropy of order 2π
√

4
6
N1N5NP . Furthermore, since two of the

fermionic zero modes also preserve the rotational symmetry of the black-hole horizon,
and the super-maze is the most general brane bound state with black-hole charges that
preserves this symmetry, it is possible that the super-maze could even have an entropy of

order 2π
√

5
6
N1N5NP .

Our construction also allows us to speculate how we may try to capture the remaining
part of the black-hole entropy, which comes from fermion momentum carriers that break
the rotational symmetry of the black-hole horizon [53]: Instead of using the super-maze
glue, we could could try to use the other types of glue, and construct generalizations of
the super-maze that break this rotational symmetry.

It would be very interesting to construct the fully backreacted super-maze solutions,
and to understand how this entropy is realized in supergravity. It would be also interesting
to apply the “making bound states with glue” philosophy we used in this paper to reveal
the microscopic structure of black holes in other duality frames, where microstate counting
has not been done.

12For other extremal black holes there are arguments that most of the entropy comes from such mi-
crostates [69].
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A Projectors and involutions for branes

In this Appendix we list the involutions associated to common brane type. In Type II
string theory, they are:

PP = Γ01 , PF1 = Γ01σ3 ,

P IIA
NS5 = Γ012345 , P IIB

NS5 = Γ012345σ3 ,

P IIA
KKM(12345;6) = Γ012345σ3 , P IIB

KKM(12345;6) = Γ012345 , (A.1)

PD0 = Γ0iσ2 , PD2 = Γ012σ1 , PD4 = Γ01234iσ2 , PD6 = Γ0123456σ1 ,

PD1 = Γ01σ1 , PD3 = Γ0123iσ2 , PD5 = Γ012345σ1 .

The projectors in M-theory are given by:

PP = Γ01 , PM2 = Γ012 , PM5 = Γ012345 , P IIB
KKm = Γ0123456 . (A.2)
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